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1. INTRODUCTION

The discovery of optical second harmonic generation (SHG) in 1961, coupled with more recent
advances in laser technology and nonlinear materials, has led to increasingly rapid progress in
the application of nonlinear materials to nonlinear frequency conversion [1, 2, 3, 4].

This document reports the resuits in the investigation of three-wave interactions in positive
biaxial (nonlinear) crystals. The results are characterized in ierms of:

» Phase matching angles,
« Effective nonlinear coefficients, and
» Walkoff angles for the optical beams.

Specifically, this report concentrates on KTiOPO, (KTP) and its crystallographic isomorphs:
RbTiOPO, (RTP), KTiOAsO, (KTA), RbTiOAsO, (RTA), and CsTiOAsO, (CTA). The
isomorphs KTA, RTA, CTA, and RTP are relatively new and show promise as nonlinear crystals.
Potassium Titanyl Phosphate (KTP) is a widely used nonlinear optical material which, since there
is a large library of information for this particular crystal, was used to validate the computer
model calculations developed for this study.

Prior to this study, most calculations assumed that the electric field E was perpendicular to
the wave vector K~ and, therefore, replaced E by the electric displacement D. Also, when the
walkuff angle was calculated, the fact that optical waves polarized in different directions have
different walkoff angles was ignored. The consequence was that the approximate treatment was
prone to the introduction of errors or inaccuracies in the final results.

This report will show the results of a translation of an exact mathematical theory developed
by Yao and Sheng [3] into a practical computer-based, mathematical model. The model is of a
generalized nature which uses accurate, rather than approximate, calculations.
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2.  ANGULAR PHASE MATCHING

a. Phase Matching Theory.

Nonlinear optical interactions in bulk materials (e.g., harmonic generations, optical frequency
mixings, and optical parametric interactions) usually require the technique of phase matching in
acentric crystals to achieve high conversion efficiency. In the three-coupled-wave interaction, the
conditions of energy and momentum conservation must be obeyed are written as follows:

Wy = 0, + O (1)

IZ3=I?2+E1+AI_E (2)

where w and k&’ represent angular frequencies and wave vectors, respectxvely, associated with the
thres electzomagnetic waves. Phase matching is achieved when AR =0. Eqn (2) can be expressed
by th~ following equation using refractive indices » for the respective frequencies:
& = & 3
Wynyly = @m0y + M, (3)

where “ ;v the unit ve.ter paralle] to k. The collinear phase matching condition requires that all
three waves prepazate L arallel, ie., {; = 1, = 1,, which reduces eqn (3) to the form:

W3ny; = W,N, + W1 )
Eqn (4), wr.it=n in terms of wavelength becomes:

e L T} (5)
A'3 A2 A'l

Phase matching is customarily realized by using the birefringent and dispersive properties of
anisotropiv crystals. Three types of phase matching are possible, in principle, in birefringent
crystals with both uniaxial and biaxial characteristics. They are Type I, where ®, and w, are of
the same polarization, and Types II and III, where ®, and ®, are of orthogonal polarizations (see
Figure 1). Types II and IIl phase matching differ in the selection of w,. In Type III phase
matching, w, is smaller than ®,. As such, w, will have larger eigenpclarization index differences
than those seen by w,. In general, this makes Type III phase matching more difficult to achieve.
According to the ont—Fresnel theorem (5], an optical wave propagating in a biaxial crystal with
a wave vector K (0, ¢) can be decomposed into two components with mutually perpendicula
polarization directions denoted by e, (slow ray) and e, (fast ray), respectively. Beams polarized
in these and only these directions will propagate in the K (6,0) direction without change in
polarization through the anisotropic crystal. But, as implied above, the two orthogonal
polanzations do not. in general, have the same refractive index, n.

28]




In uniaxial and biaxial Ae, A e
crystals there exists a

direction (one in the case of a < —5— W, ._?_ ®,
uniaxial crystal and two for a mi . l T W, ‘“’3 ! V- e,

biaxial crystal) in which the

1

polarizations do have equal Ve, Ve,

refractive  indices. This T

direction is called the optic (a) Typel v ®) I

axis (see Figure 2). A €

uniaxial crystal is essentially < A © LEGEND

a special case of a biaxial - L e, Slow Ra

crystal so the discusion will “’31 1 % e; F.;w g,yy

continue for the biaxial case. ! ®,, @ Input Frequencies
In biaxial crystals, the € ©3 Output Frequency

allowed polarization

directions for a given (c) Type Il

direction of propagation are
as follows. The spherical Figure 1. Phase Matching Types and Associated Polarizations
projection in Figure 2 is used
to represent the directions
inside the crystal. Let the
direction of K be that of light
propagation, and OA and OB
the two optical axes in the
XZ plane. Spherical triangle
AKB is obtained by drawing
the great circle AK and BK

on the sphere. Then the LEGEND

pol.anzatxon direction of t.he % W

optical wave whose velocity Wi

is lower than the other is that €. W

of the bisector of angle AKB, Nepectvey’

i.e., the direction of e,. The 04 Wavefront

faster ray is perpendicular to *9 Diraction

e,. i.e., the direction of e, L Anol O izaton
M el €2 3 bd

Hence the relation n/ > n* is a mmowc

satisfied for both positive and
negative  biaxial crystals, Figure 2. Spherical Projection Showing the Slow (e,) and Fast

where superscripts e, and e, (€;) Eigenmodes of a Wavefront in a Biaxial Crystal
indicate the polarization
directions of the propagating waves. Note that these polarization directions lie on the surface of
the sphere. These properties are usually called Biot-Fresnel’s theorem. {5, 6].
The refractive-index for an optical wave of wavelength A in a biaxial crystal satisfies:




sin?0 cos*¢ , Sin®@sin’$ , _ cos’®

-2 -2

=0 (6)

-2 -2
n<-n, n~ - n, n‘-n

where 6 (the angle from the z-axis) and ¢ (the angle from the x-axis in the xy plaae) together
define the internal direction of the incident wave normal; n, n, and n, (the principal indices of
refraction) are found using Sellmeier equations (which are obtained as a result of best fits to
index versus A measurements). Note: Figure 3 identifies the indicatrix ellipsoid for biaxial
crystals in which the crystal indices have been defined as n, > n, > n,. Rearranging eqn (6) into
a form more easily handled and making the following substitutions (to increase readability):

2
© o)
k_ = sin?6 cos?, k, =sin’@ sin’¢$, k, = cos?6

-2 -2 -2 -
x=n,,a=n,b=n,c=n,

we obtain:
x? +[—kx2(b +¢c) - kyz(a +¢) - kXa +b)]x +(kfbc +kyzac +k3ab) =0 (8)
The basic form of eqn (8) is x* + Bx + C = 0. Using the substitutions:

B=—kf(b+c)—k,2(a +c)-kf(a +b)

C=k’bc +ky2ac +klac

9

and reducing results in the following form:

n, = V2 (10) N\
V-B (B - 4C nz|

In eqn (9), the terms g, b. and ¢ are obtained s
from Sellmeier equations with the appropriate [ e « l
Sellmeier coefficients for a given wavelength S AN N VTN I LA
(represented by “w”), temperature (we used ~
room temperature) and crystal. Eqn (10) is

solved for each of the three wavelengths used X
in an optical parametric oscillator (OPQ),
optical parametric amplifier (OPA) or second
harmonic generation (SHG) condition. The two
real solutions are the index of refraction for the
slow and fast rays. For the slow ray the index
of refraction is represented by:

~l

Figure 3. Dielectric Ellipsoid for a Biaxial
Crystal with Wavefront




n 2

s = (11)
/-B-JBY - 4C
and the fast ray’s index of refraction is represented by:
n, = V2 (12)

V-B + /B - 4C

Of the six available wavelength dependent refractive index values for three-wave interactions,
only three are suitable for determining phase match conditions. Table 1 indicates the appropriate
slow and fast ray equation combinations which satisfy the necessary conservation of momentum
condition. Note that Table 1 has a “+” or a “-” after the phase match type. This indicates a
positive or negative nonlinear crystal for the associated phase matching type; this study only
deals with positive nonlinear crystals. However, using Table 1 assignments for the eigenmodes
of positive and negative crystals, the MathCad® phase matching workshect (see Appendix A)
easily handles negative nonlinear crystals without modification.

Table 1. Potentially Phase-Matchable Combinations of e, and e, Eigenmodes, Where

M 24, >,

Polz SHG,SFM  DFM,, OPA,,, DFM,, OPA, OPO
Type In Out In Out In Out In Out

AMh oA LA, oA AMA, oA, A > AN,
I e, = e e,e, — e eye, — e, e, = e,e,
I exe; > €  eye;-re, ey “"ez € = €36,
I e,e, e, €8, = e, e, = e, e, = e,e,
i ene; —> €  epe, —r e epe; ~> e, e :-}'é,,e'z
nr e, e e, €6, = ¢, e,e, = e, e, - ee,
Ir eye; =€, e e, e e,e; = e; e; ~> eye,
NOTES:

(1) For Birefringent Positive and Negative Crystals in the Appropriate
Nonlinear Reporting Frame [4]

(2) Eigenmodes ¢, and ¢, (“¢” and “0” in the uniaxial limit) are the slow,
fast eigenmodes for positive crystals and the fast, slow eigenmodes for
negative crystals. Hence, fast and slow assignments for respective waves
i =1, 2, 3 are identical for positive and negative crystals, and A, is always
the fast eigenmode.




Solving the appropriate combinations of eqns (11) and (12) (identified in Table 1) provides
two solutions in the form of an index of refraction value at a given 0,0 angle pair. For instance,
for Type II OPO phase matching to exist (based upon the II* line of Table 1), the following
equation must be satisfied:

n,(l,) - n,(kz) . ";('\x) (13)
As A, A

One method useful in identifying the index of refraction equation combinations which provide
a phase matching solution is the graphical method. The solutions to the wavelength dependent
indices (see eqn (10)) are plotted over a range of 0 at a specific ¢. The initially chosen values
of ¢ are typically the start and end points of the xy plane (i.e., $ = 0° or 90°). The plot of the
resulting solution set identifies any existing phase match condition—represented by the
meeting/crossing point of the two plots (i.e., if a phase match condition exists then only one point
in the solution “set” exists for which a combination of the applied wavelength’s fast and slow
eigenmciss index of refraction is equal to the index of refriction for the generated wavelength
(defined by eqn (13)). This method is explained further in the discussion below.

b. Description of the Computer-Based Equations.

See Appendix A for the worksheet listing.
MathCad® 4.0, a Microsoft® Windows® application
from MathSoft Inc., was used to develop the
computer-based equations. We used MathCad®
because it required a minimum of programming,
was very flexible, and the worksheets developed
were very easy to debug. MathCad® has proved a
very powerful tool for our purposes.

The MathCad® 4.0 worksheet restricts the
equations to the first quadrant when searching for
a values of 0. The resulting solutions are then
plotted (i.e., the phase matched combination of the
n, /A, and n,/A, terms is set equal to the associated
n3/A; curve). The resulting phase match angle pairs
(6,60) may then be used in the calculation of the
effective nonlinear coefficients (d,j) for the desired

range(s) and the associated walkoff angle(s). Figure 4.  First Octant of a Proposed
Positive Nonlinear Reporting Frame.

blaxisl A

Sellmeier Coefficients.

The worksheet reads the Sellmeier coefficients
from a disk-based ASCII file. This file is composed of three rows of four columns. Each row
represents the coefficients for the x, y, and z axis, respectively. Each column represents the A,
B, C, and D Sellmeier coefficients for the following form of the Sellmeier equation:




- B -pa2 (14)
AMD=lA+—————— -D-A
n. (2 - CI

where axis represents the x, y, or z axis (the index of refraction for the axes n,, n, or n,) at the
wavelength specified by “A”. MathCad reads the file of Sellmeier coefficients (see eqn A-1) into
the variable S (defined as S := READPRN(filename, where filename is the name of the file
containing the Sellmeier coefficients for the crystal being evaluated). NOTE: MathCad reads all
data files from the same subdirectory to which the worksheet has been stored (or retrieved from),
unless filename is an “associated” file (see MathCad documentation).

The Identification of the Three-Wavelengths.

The worksheet expects the user to identify two of the three wavelengths from which MathCad
calculates the third. The user should ensure that the two wavelengths entered result in MathCad
calculating a positive valued wavelength. See eqns A-3a through A-3c. Next, an assignment of
the three wavelengths as A;, A,, and A, is expected (see eqns A-3d through A-3f) so that
A, 2 A, > A, (the results of the assignments are displayed immediately below each assignment).

Phase Matching Type Category.

Although the mathematics are essentially the same when calculating phase matching for SHG,
OPA, or OPO cases, the worksheet (eqn A-4) provides the option (for those who so desire) to
select from the following four categories: SHG/SFM, OPA-32/DFM-32, OPA-31/DFM-31, or
OPO. The category selection is used by eqns A-1la through A-22f to identify the correct
wavelength dependent index of refraction equations to use in the phase match solve block (see
eqns A-13, A-14, and A-15) for Type I, I, and III phase matching. Note however, that only when
it is ime to calculate the nonlinear coefficient, 4,5 (see appendix B) must a category type
actually be defined. See chapter 3 which deals with the calculation of d .

indices of Refraction.

The Sellmeier coefficient matrix, the variable S (see eqn A-1), is used by the Sellmeier
equations (see eqns A-5a through A-5¢) to calculate the indices of refraction for the crystal axes
(n(A), n(A), and n,(A)) according to the wavelengths defined in eqns A-3d through A-3f. These
values are stored in a matrix identified by the variable n (see eqn A-5d). This variable, n, is
saved to disk in eqn A-5e: WRITEPRN(filename), where filename is the name of the file to
which the matrix of axes indices of refraction is stored.

Modifications. If the Sellmeier equations provided are not appropriate (i.e., the point group is
different, the Sellmeier equation form has been changed, etc), eqns eqns A-5a through A-5¢ must
be modified accordingly. This is a simple edit and should be the only modification required.

Refractive-Index Equation.

The solution to eqn (6) is developed with eqns A-6a through A-8f. The solutions of the
refractive-index equations are given by eqns A-9a through A-9f and represent the indices for the
fast and slow rays for each of the three wavelengths. The wavelength dependent versions of these
equations are given in eqn A-10a through A-10f. They are then arranged by eqn A-11a through
A-120 into ‘ormats given in Table 1 for the various SHG, OPO, and OPA combinations.
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Phase Match Equations.

The first step in finding the appropriate phase matching equations is in 2fining the wavelength
dependent refractive-index equations. These are arranged so that two ray solutions sets are set
equal to a third solution set while watching the fast and slow ray conditions set by Table 1. Eqns
A-1la through A-120 define the wavelength dependent indices while equations A-13 through
A-15 define the appropriate equations to use in the phase match solve blocks as defined by the
category (SHG, OPA, OPO, etc.) selected.

The phase match solutions are actually found by the solve blocks. Each solve block (a set of
equations defining a solution) is composed of three parts: (1) the appropriate phase match .
equation (see eqns A-13a, A-14a, and A-15a), (2) the region in which to search for a phase match
(this worksheet restricts that search to the first quadrant; see eqns A-13b, A-14b, and A-15b), and
(3) the equation solution request command (i.e., FIND; see eqns A-13c, A-14c, and A-15c).

Phase Match Angle/Type Determination.

Eqns A-16 through A-22f and Figures A-la through A-2c are used obtain and display the
solutions to the phase matching equations.

To begin, we first determine if a solution set exists at the y-axis in the xy plane (i.e., ¢ = S0°).
This location is chosen because, since n, > n, > n,, if phase matching does not occur in the yz
plane, it will not occur anywhere. Eqn A-17a sets the value of ¢ to 90°, eqn A-17b sets the range
of 0 (the angular range from the z-axis toward the y-axis) over which to search for a phase match
angle, and eqn A-17c converts this angular range to radians (MathCad does trigonometric
calculations in radians). Eqns A-i8a through A-18f assign the wavelength dependent refractive-
index equations defined in eqns A-11a through A-11f to variables for use in Figures A-1a through
A-1c 1o graphically display the results. Type I phase matching equations use variables A and B
(see eqns A-18a and A-18d, respectively), Type II phase matching uses variables C and D (see
eqns A-18b and A-18d, respectively), and Type III phase matching uses variables E and F (see
eqns A-18c and A-18f, respectively). When one line in any of the figures meets or crosses the
other line, a phase match exists at that point for the associated phase match type.

The value of the variables A through F are shown above each figure. These displayed values
are especially useful for when the two index of refraction curves appear close in value, but an
actual phase match cannot be visually determined. There should be at least six digits displayed
to the right of the decimal point to ensure correct identification of a phase match condition. A
phase match condition exists when the lower number (indicated by variable B, D, and/or F) is
equal to or larger than the upper number (indicated by variable A, C, and/or E).

Eqn A-19a through A-22f and Figures A-2a through A-2c are used to determine where phase
matching eacg phase match type. These are the same equations and figures as described above,
except for the following:

» Eqns A-19a through A-19¢ identify a discrete value of ¢ at which to begin a phase
match search (i.e., eqn A-19a identifies a ¢ value for Type I, eqn A-19b identifies a
¢ value for Type I, and eqn A-19c identifies a value of ¢ for Type III). Eqn A-21
assigns the range of 0, defined by eqns A-20a through A-20c, to the variable 6.

« The values for eqns A-19a, A-19b, and A-19c are manually varied to locate the start
of phase match region for each phase match type (for those phase match types for
which a phase match region exists at $=90° but not at $=0°).




The start of the phase match region found in eqns A-19a through A-19c is used by
eqns A-23a, A-24a, and A-25a to define the phase matching ranges for Types I, II, and I,
respectively. If a particular phase match type does not exist, the value of 9 for all values of ¢ (0°
to 90°) are automatcally zeroed by eqns A-24b, A-24c, A-25b, and A-25c¢ (Types II and III only,
since, if Type [ does not exist there is, by definition no phase matching at the selected
wavelengths). NOTE: MathCad may require manually zeroing a phase match region (i.e., eqn
A-24c andlor A-25c) if it could not find a phase match for that phase match type.

Saving the Phase Match Results.

Once phase match values within a region have been defined, they should be stored to disk for
(1) easy access later and/or (2) for use by the worksheet which calculates the dz and walkoff
angles. This is performed by eqns A-28a through A-29b. To aid in defining the data file, eqn
A-27 identifies the phase match region for which the values will be defined. This should be set
to a range of 0 to 90 to allow values of ¢ over the entire xy plane. Eqn A-26 provides conversion
of radians to degrees used by eqns A-28¢c, A-28e, A-28f, A-28h, and A-28i (the worksheet stores
angle data to file in degree format, not radians). Eqns A-28a through A-28i define a value for
each range index value (i.e., the integer value of ¢). These values are then arranged into a data
file by eqn A-29a. The data file should be 91 rows (0-90, as defined by eqn A-27) of 7 columns
(in the following format: A,, A,, A,, ¢, 6(I), O(II), and €(II), where the first 3 values are the 3
waveleiigths used, the next value is the integer value of ¢, and the final 3 values are the 0 values
for Type I, I1, and III phase matching for the associated value of ¢). The variable “data”, eqn
A-29a, is now a matrix of values which is written to disk by eqn A-29b. This equation is written
as WRITEPRN(filename) := data, where filename is the file to which the values of the variable
“data” will be written. Note that the first three columns of data each have identical numbers. This
redundancy is required to allow writing the data as a single matrix with information which
unambiguously identifies the data as belonging to a particular wavelength set.

Final Comments.

(1)  The value of ¢ used by this study was necessarily restricted to integer values. This is
fine for phase match regions which extend across the entire xy plane but insufficient for
when 0° < ¢ < 90°. Therefore, the scratch pad region provided is useful for determining
the vatue of ¢ for where 8 approaches 90°. Specifically, the value of ¢ is varied until the
effective value of 8 is 90°. Note that the equation must be appropriate to the phase match
type (I, II, or III) for which a value of ¢ is desired for a 8=90°.

(2)  MathCad provides a method of converting between degrees and radians automatically
by the deg function. However, since the same function is used to convert between the two,
unless carefully used, the resulting conversion may not be as expected. Therefore, the
worksheets define variables which perform the necessary conversion where confusion
would most likely occur when using the MathCad conversion function.

(3)  Phase match calculations for positive or negative biaxial/uniaxial crystals are identical
with the supplied worksheet. No modifications are necessary. Not until calculating the value
of d,; must the crystal type be identified. See paragraph 3.b.ii for additional information.
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3. EFFECTIVE NONLINEAR COEFFICIENT, dy

a. Effective Nonlinear Coefficient Theory.

In a nonlinear medium, two electric fields with frequencies ®, and @, give rise to induced
polarizations at frequencies @, + @, and ®, - ®,. The energy conversion efficiency of a three-
wave nonlinear process, such as SHG, is dependent upon the size of this induced polarization.
The second-order polarization P(w,), induced by the interaction of two applied electric fields
I_:'f(mz) and Ff(u)l), can be expressed by eqn (15), where: 4, 4, and 4, are the unit vector

P(wy) = 8,d,4,8,|E(w,)| |E(w)]

(15)
= d 4 E(0,)| |E(w))]

components of P(w,), E (w,), and ﬁ(m,), respectively; ((?,jx is the second-order polarization tensor

of the nonlinear crystal; and i, j, and k each represent the x, y, and z axes. The effective nonlinear

coefficient is a function of the angular orientation, the crystal symmetry, and the values of the

individual d,, components. The effective nonlinear coefficient is, thus, given by:

d, = 4,d,d,4, (16)

In a three-wave interaction process, d,, is equivalent to d;,, so that it can be expressed by a 3x6
matrix (as d,). For a more complete discussion on the second order polarization tensor see
paragraph 5.b.

To calculate the effective nonlinear coefficient we need to calculate the values for the 4, d,,
and d, components. The value of d;is dependent upon the direction of the % and since we know
that ﬁ 1 ® we will use the electric displacement vectors, I—)’,((o,,) to calculate @, @;, and d,. The
electric displacement vectors, I_)’l(mm), where ¢ = 1 (slow rays) or ¢ = 2 (fast rays) for these two
components, and their projections on the coordinate axis are represented by:

D, (») = 5;'D,(w,) am

where i = x, y, and z, and m = A,, A, and A, [3]. The slow ray (e,) unit vector is given by:

(-cosB cos cos8]* + sind sind™

5,;'=1 = | -cosO sind cosd; - cosd sind]
\ +5in@ cosy;’ (18)
( x,,nt-l

" | brimt

\bz.t’-l
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and the fast ray, e,, unit vector given by:

(-cosB cosd sind]" - sind cos3™
b\, = | -cos@sind sind] + cosd cosd
\ +5in6 sind™
( b::-:

- m
by. =2

(19)

m
\ “z,=2

where &7, the polarization angle (formed between the two eigenmodes, e, and e,, and the zk
plane) is expressed as a function of 6, ¢, and QT (see eqn (20) as well as Figure 2 and Figure 4).
See references [4] and [6] for further details.

8" = ___sin29 cosf + 0.5 (20)
cot? Q' sin’0 + sin’$p - cos?O cos?d

The angle Q7, given by eqn (21) below, is the angle formed between one of the two biaxial optic
axes and the z-axis (the optic axis is located +Q from the z-axis) in the xz plane [4]. The unit

e
21)

2 2
Q" = sarcsin n(w,) |n(w) - n (o)
n(w,) nzz(m_) - nf(m,)

vectors B° (eqns (18) and (19), respectively) denote polarizations of electric displacement D for
biaxial eigenmodes e, and e, (see Figure 2 and Figure 4) which are “e” and “0”, respectively, in
the uniaxial limits. In a principal-axis system, E and D are related as shown by eqn (22) below.

D 22)
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Thus, in general, the unit vectors for the electric fields’ two polarization components are given

by: 2

@2 Gy 67|

" vt) + 4?. + ‘Z. D‘(wm)

) mne) npo,) (23)
P(w,)D(w,)

E(w,)

Denoting the unit vectors of E {(0,) as 4{w, ) = a7 we obtain eqn (24) — the unit vectors for the
electric field polarization component:

. E ,(w,)
4w,) = a; E, . (©,)
HOD E,, @,)

- m (24)
(le z(wm) bx, t ax, t

";2(“’»:) byl = |
-2 m
7 (0,)b,, a

Zt

1
P(w,)

Multiplying these unit vectors together results in column vectors which define the pseudo-vectors
to be used on the right side of eqn (16) below). Note: m, n, and o represent the three wavelengths
(A,, A, and A,) involved [3, 4].

Equation (25) defines the electric field polarization column vector for Type I SHG phase
matching (rays of the same polarization and frequency):

( (“::-:)2 \

(0,?,., )2

m \2
{8, (0 )} {4, (o)} = aranr = (?:J'l)m (25)
2ay, 18y ;v
28,4,

m m
28, 18y, 1)
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Equation (26) defines the electric field polarization column vector for Type I OPO phase
matching (rays of the same polarization/different frequency):

( n o
ax. =1 ax. te]

y'.'t-layoxtl
4.,(0)} {8,.,(w)} = a"='1a‘_’__l = az.r-la :=1 (26)

ayt-laz,:- + a ay t=1
a,.,,,a =1 * a a :=1

\ a;11yy * Gy Gs, x, 121

Equation (27) defines the electric field polarization column vector for Type II/IIl SHG phase
matching (rays of different polarization/same frequency):

a,‘,,,a

“y =18y, .r=z

" a
{a.,(w)} {3 ()} =alal =| . at.tl i @7
ay"la =2 az.x- ay,t=2

ar.:-lax.r-z +a r-la

a

\ G en1Gyie * By ay B

%, 122}

Equation (28) defines the electric field polarization column vector for Type II/II OPO phase
matching (different pelarization and frequency):

ax, t-la =2

y.t-lay )

a a n o "Z, =1 Z't=2 (28)
{ - (wn)} [ = (mo)} a-_la':z f
t=1 t=2 (4 t ll‘ . ‘ . ?t-

n o
ax.:-x“ t=2 ¥ 07 18 :=2

\ Gy a1 By1ez * By, 1a1Gy, x,122)

From these results we are able to obtain the general expressions for the effective nonlinear
coefficients d (1) and d, (II) for Types I and II phase matching, respectively, using the definition
for d,; from eqn (16) [3, 6]. Type I phase matching uses the d (II) equation. Since the
difference between Type II and III phase matching is that the polarizations for the two smaller
frequencies are exchanged, we can inspect eqn (27) and note that {4, ,(®,)} {d,..,(®,)} is exactly
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the same as {3,.,{W, )} {8,-,(®,)} or eqn (28) where we note that {8,.,(®,)} {8,.(®,)} is exactly
the same as {(@,.,(®,)} {4,.,(w,)}. Therefore, a separate equation to calculate d,; for Type I is
unnecessary. Note, however, though the form is the same, the phase matching angles for Types
II and III phase matching are NOT the same and there will be a different d,; for each (e.g., see
Figure E-8 and Figure E-9).

d,;(Igye) = a1z Ay ;118 (29)
d s (Uppo) = a7 dukal.nt-l a;,.y (30)
dy(syc) = a1z dy “/:-1“::-2 @D

d s Ulopo) = 8yeer dy, 8y 1O, 12 (32)
The subscripts i, j, and k each represent the x, y, and z axes. It should be noted that these
equations are applicable in situations where E is not necessarily perpendicular to K.

b. Description of the Computer-Based Equations. See Appendix B for the worksheet
listing. .

i. Data Retrieval/Initialization.

This worksheet begins by reading the data to evaluate from three ASCII files. These files
are the data file of phase match information (eqn B-1a), the 2™ order polarization tensor (i.e., the
d;; matrix; eqn B-1b), and the indices of refraction for the wavelengths identified by the first three
columns of the data file (eqn B-1c). Note: the data file and the indices of refraction file must
have been created for the same wavelength values. Next, the identification of the origin for
matrices is identified as “0” (i.e., row 1, column 1 is identified as 0,0 while row 3, column 6,
is identified as 2,5) by eqn B-2.

ii. Positive/Negative Nonlinear Crystal Identification.

It is extremely important to identify whether or not the crystal being evaluated is positive
or negative. Improper identification of the type of crystal may result in d,; values which exactly
opposite that expected at a given location (i.e., a maximum d,; rather than an expected
minimum)}. Identifying the positive or negative crystal type is performed by eqn B-3.

iil. Angle.

Eqn B-4 identifies the angle ¢ for which a phase match 8 counterpart is desired. The angle
pair (8,0), when found, is used to calculate the associated d,; and walkoff at that point.
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iv.  Wavelengths.

The three wavelengths values are parsed from the retrieved data file and assigned to
variable A, A,, and A, by eqns B-5a through B-5d. Note that each row of the data file matrix
begins with the first three columns being the wavelengths at which the data was collected.

v. Phase Match Angles.

The phase match angles for Type I, II and III phase matching are also parsed from the data
file by eqns B-6a through B-6c, respectively. For proper analysis to proceed, the worksheet must
know which phase match type to use for subsequent calculations. For this purpose, the value of
eqn B-7a is manually set to “1,” “2,” or “3.” Eqn B-7b then takes that number and identifies the
associated phase match type matrix (I, IL or III). This identification is used by eqns B-7¢ and
B-7e to assign values for 6 and ¢, respectively. These assigned values are redefined specifically
as 0 and ¢ by eqns B-7d and B-7f, respectively. These are the assignments used by the equations
which follow. Eqn B-8 selects the desired category type (SHG/SFM, OPA/DFM or OPO) for
which calculations are desired. Note that if the first two wavelengths are equal the worksheet
automatically selects category 1 (i.e., SHG) regardless of the category manually selected.

vi. Miscellaneous.

Eqns B-9 through B-16 are discussed in the theory (see chapters 2 and 3) above. In short,
however, the following is calculated:

(1) Egn B-9 calculates the value of Q (the angle from the z-axis to the optic axis).

(2) Eqn B-10a is used by eqn B-10c which calculates the value of & (the polarization
angle formed by the du'ecuon of the slow ray, e,, with respect to the surface of the plane formed
by the wavefront vecior, k', and the z-axis). We’ve arbitrarily restricted the value of 18,] o
< 90°. The sign of d is the same as that given by the numerator in eqn B-10a. Therefore, when
the value of the numerator in eqn-10a is less than zero, a value of &t is added to the value of
atan(tan(23) before halving it to get the correct .. This is done by eqn B-10b.

(3) Eqns B-11a through B-111 are setup for Eqns B-11m and B-11n which calculate
the electric displacement unit vectors for the slow rays and the fast rays, respectively.

(4) Eqn B-12 calculates the electric field polarization components.

(5) Eqns B-13a and B-13b calculate the unit vectors for the polarization components
of the electric fields for the slow r..ys and fast rays, respectively.

(6) Eqns B-14a through B-14c identify the proper columns of eqns B-13a and B-13b
to use when calculating the values of a, (polarization unit vector for the “generated” wavelength),
4, and a, (polarization unit vectors for the “applied” wavelengths).

(7) Eqns B-15a and B-15d identify the polarization unit vectors a;, a, and a,.

(8) Eqgns B-16a and B-16b identify the fast and slow column vectors, aa, (ak.a.,
pseudo-vectors). Eqn B-16¢ selects the appropriate column vector, based upon the phase match
type selected, to multiply with the second order polarization tensor, d,.

vii. Calculating the Effective Nonlinear Coefficient, d.g
(1) The calculaton for SHG/SFM and OPO d g results in exactly the value. Also, the
calculation for d,; for OPA-32 results in the same value as for OPA-31. However, if the same
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wavelengths used for SHG/SFM or OPO are used to calculate d.g for an OPA case, the d,; will
be different. Therefore, it is important to ensure that the proper category is selected.
(2)  Eqn B-17 calculates phase match type (i.e., L, II, or Il) d,j.

viii. Saving the Resulting Calculations. The data associated with the d_; and walkoff
angle calculations are compiled into a single row matrix. This matrix is composed of the three
wavelengths used, the phase match angles (6,9), the d; value, and the walkoff angles (for the
discussion on walkoff angles see chapter 4) for the phase match type for which this data was
calculated.

Eqn B-19a provides a variable for converting from radians to degrees. Eqns B-19b through
B-19d selects the correct fast or slow walkoff angle for wavelengths A,, A,, and A,. The matrix
is assigned to the variable “data” (eqn B-20a) which can then be used to append to an existing
matrix file (as an additional row of data). This equation (eqn B-20b), APPENDPRN(filename)
:= datra, defines filename as the file to which to append the data, and data is the variable
containing the single row matrix of data described above.

16




4. WALKOFF ANGLE

a. Theory for the Walkoff Angle Calculations.

The walkoff angle of a light wave in a nonlinear crystal is the angle between the wave vector
K and the Poynting vector S'. It is, therefore, also the angle between the electric field E and the
electric displacement vector D [3]. See Figure 5 below. To illustrate, consider the following
which says that the magnitude of the electric field is the same as the magnitude of the electric
displacement vector times the electric field polarization.

= (33) = -
|E| = P|D| b ; B
where: ~1e
)"
= - (34) k
P [E 4] y
t n o >
J~
where i = x, y, and z; b, is a unit vector component of the S

electric displacement vector for the siow and fast rays (see  Figure 5. Relationship Between
eqns (18) and (19)); and n; is index of refraction for each I_-f, K . §), and B

crystal axis for a given material. Since the following

relationship is true by definition of the dot product,

cosp = __i":_ﬁ_ (35)
|E||D|

and the fact that E L § and B L ¥, finding the angle between the wave vector and the Poynting
vector is the same as finding the angle between the electric field and the electric displacement
vector. Now, let E, = |E| a. And, using eqns (17) and (23), we can say:

E-D =3 (Ela)|D|b,) (36)
{
which leads to:
1 b
Enqme;%m
Co 37
i

and therefore we get:




E[Dl & w2} |%

E-D Efz)/[z b_‘:]m (38)

Now, using eqn (35), we reduce eqn (38) to a trigonometric equation:

r [ 5] 5]

2
t n Lo

which reduces to:
1”2
(40)

T n o

o w152

which is the form used in eqn (41) (the form used in the MathCad worksheet) below.
Consequently, the walkoff angles of the light waves polarizing in e, (where r=1ort=2)ina
nonlinear crystal can generally be expressed as [3]:

. ¥ . \ w )

AR RN

n (o)} n(w,)? n(w,)?
PYhi

2 2
bl by b
+ +
L\, [n,w] nzw.)’] )

b. Use of the Computer-Based Equations.

arccos|

Pr @n

See Appendix B for the listing. Eqn B-23 calculates the walkoff angles for the slow and fast
rays. The calculation is straight forward and requires no explanation beyond that described in the
theory above. There are no user modifications, additions, or changes required. However, as in the
case of the calculation of d_;, the proper data files must be retrieved and the phase match type
(1, 1, or IIT) must be identified. See paragraph 3.b for more information on data retrieval and
initialization within MathCad.
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5. LINEAR AND NONLINEAR PROPERTIES OF KTP ISOMORPHS.

a. List of Properties Used in Calculations.

Table 2 and Table 3 summarize the Sellmeier coefficients and noniinear coefficients of the
KTP isomorphs, respectively. All calculations in the phase matching and d,/walkoff MathCad
worksheets use the information supplied by these tables. Phase matching curves derived ic. these
isomorphs are qualitative for wavelengths longer than 1.15 pm because of less experimental
testing.

Table 2. Sellmeier Coefficients of KTP Isomorphs

Axis | KTP RTP KTA RTA | CTA

A, 2.11460 2.15559 2.11055 222681 | 2.34498

B, 0.89188 0.93307 1.03177 0.99616 | 1.04863

C, 0.20861 0.20994 | 0.21088 0.21423 | 0.22044

D, 0.01320 0.1452 0.01064 0.01369 | 0.01483

A, 2.15180 2.38494 2.38888 1.97756 | 2.74440

B, 0.87862 0.73603 0.77900 1.25726 | 0.70733

C, 0.21801 0.23891 0.23784 0.20448 | 0.26033

D, 0.01327 0.01583 0.01501 0.00865 | 0.01526

A, 2.31360 2.27723 2.34723 2.28779 | 2.53666 1'

B, 1.00012 1.11030 1.10111 1.20629 1.10600ﬂI

C, 0.23831 0.23454 | 0.24016 0.23484 | 0.24988

D, 0.01679 0.01995 0.01739 0.01583 | 0.01711
Sellmeier coefficients of best fit to index data, with
n’=A + (B, I[l-(CI\}])-D;, wherei = x, y, and z, respectively
(corresponding to the crystallographic axes a, b and c.) [7]
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Table 3. Nonlinear Optical Properties of KTP Isomorphs

ds; 16.2
ds, 4.4 4.1 4.2 3.8 34
d;, 2.5 33 2.8 2.3 2.1
dy, 1.7 x d,s of

3.6 3.6 KTP @ 1.3um 3.6 3.6
djs 1.2 x djs of

1.9 1.9 KTP @ 1.3um 19 1.9

SHG d, coefficients at 1.064 um (in pm/V; experimental uncertainties: + 10% for d;,
dy, and d;s;, * 20% for d;; and d;, [7]

t d,s and d,, were not measured by Cheng, Cheng, and Bierlein (see reference [7])
— 5o the KTP value was used here. However, they did state that within experimental
errors, there is no detectable variation of the d coefficients among the isomorphs

b. Nonlinear (d;;,) Coefficients.

i. Basic Tensor Background.

Eqn (15), shown again as eqn (42), represents the nonlinear (2nd order) polarization. Since

no physical significance can be attached to an exchange of E,, and E,, it follows that d

yk = dik/‘

P(wy) = dl|E(w)|1E(w,)] (42)

This means we can replace the subscripts kj by a single symbol (e.g., &j may be represented by
only j term without any loss of information or accuracy) according to the contraction:

vz=zy=4 xy=zx=5 Xxy=yx=6
The resulting 4, tensor forms a 3 X 6 matrix (down from a multidimensional 3x3x3 array that
operates on the E* column tensor to yield P according to eqn (43). The contracted d,, tensor obeys
the same symmetry restrictions as the d,, tensor, and in crystals of a given point-group symmetry
it has the same form. (9]




P,| |4y dy ¢y dyy dyg dyg Y
E! (43)
P = |dy dy dyy dy dys dyy|| ™

P‘

dyy dyy dyy dyy dyg dog| [2EeEr

ii. Tensor Matrix for KTP Isomorphs.

The KTP family of crystals belongs to a
noncentrosymmetrical class called orthorhombic. In that
class, the nonlinear optical tensor is of class mm2. It has
the form shown in Figure 6. The symbol “e” indicates a
zero modulus and “@" indicates a nonzero modulus. Notice
that according to the given form, KTP has five nonzero d ® & & ¢ o
coefficients: dy;, d;,, d;;, dyy, and d;;. The coefficient d;; is
approximately 9 times greater in magnitude than the
diagonal coefficients (d;s and d,,) whose values are within Figure 6. An mm2 Crystal Class
a factor of two of each other. The effective nonlinearity Tensor Arrangement.
for Type II (or Type III) in the principal planes is given by
Table 4 below (note: for this to be true, E must be parallel to ﬁ).

Table 4. Effective Nonlinearity for Type II SHG in the Principal Planes

PLANE dg
X-Z d,, sinb
y-z d,s sin®
X-y d,s sin® + dy, cos*)

Thus, ihe larger d;; coefficient has only a very minor influence on the magnitude of d,;. Also,
since d,, is greater than d,s, Type II/IIT phase matching is generally more efficient in the xz plane
than in the yz plane [7].

c. Caveats.

No study is complete without identifying baselines used to obtain or calculate data. A number
of assumptions were made in this study because of the newness of the crystals being studied and
because of the controversy surrounding certain values of those crystals.




i. d-Coefficients.

The isormorph d-values used are the most recent available at this writing (see Reference
[7]). Only the values for KTP and KTA are well-known, although still apparently not fully agreed
upon. These values, supported by [10], result in a d,; which is roughly half of earlier reported
values. The d,s and d,, values for RTP, RTA, and CTA were not known (or published) at the
time of this writing so the associated values for KTP were substituted. For this reason, the results
calculated for those crystals may slightly differ from their true values. However, according tv [7],
within experimental error there is no detectable variation of the 4 coefficients among the
isomorphs. Further study is required.

ii. Miller’s Rule.

Miller showed that although nonlinear coefficients may vary considerably among rionlinear
crystals, a parameter (4,,) relating the nonlinear and linear optical susceptibilities is constant to
within an order of magnitude. This constant is defined by eqn (44) [11, 12]:

d
Ay = ¢ (44)

& [n}(wy) - 1117 (wy) - 1[n5(w) - 1]

The values of n, n, and n, represent the indices of refraction along the principal axes.
Experimental values for d; used in this study were at the “base” 3-wave interaction of 1.064 pm
SHG (7]. Adjustments to the d-values for use at other wavelengths are made by application of
Miller’s Rule. The following background information should help considerably in properly
applying Miller’s Rule.

As stated in paragraph 5.b above, the d,; tensor is a contracted form of a multidimensional set
of 3x3x3 matrices (d,,). The resulting form (identified in Figure 6) is displayed in eqn (45) below
with the tensor matrix identification. This form identifies the correct indices of refraction to use

(xex xyy xzz xyz xxz xxy
dy = |yxx yyy yz yyz y=2 yxy @5)
XX Yy X YT UL XYy

when applying Miller's Rule. Therefore, the five nonzero d-values for KTP and its isomorphs are
more correctly identified as: djs = d,.. dy, = d,,., dy; = d.. d;; = d,,,, and dj; = d,,.. In applying
this information, note that the first value indicates that the refractive index value of the identified
axis at w; (the calculated wavelength, i.e., @, = @, + ®,), the second value is for the refractive
index value of the identified axis at ., and the same thing applies for ®,. Also, note that the
indices of refraction at a specific wavelength are applied according to ®; < w, < ®,. Each letter
in the tensor matrix values identifies the axis of the appropriate index of refraction. NOTE:
because d,, = d,,. the last two indices of refraction may be exchanged without changing the value

[S8]
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of d; (¢.g., d;s=d, or d;s=d,,,). For example, in applying Miller’s Rule to calculate A, for dy,
eqn (44) would appear as follows:

Ay = ds 46
15 - 2 2 2 (46)
eo-(n, (wy - 1)-(n, (w,) - l)°(nz (w) - l)
To obtain the corrected dj; d-value at the new wavelengths, eqn (44) is rearranged as:
dy = Ay € Ini(wy) - 1][n}(w,) - 11k, - 1] (47)

Taking Miller’s Rule into account for SHG in KTP of 1.064 ym fundamental input (the three-
wave interaction for which the d-values of KTP are given) and making adjustments to d-values
at the SHG and OPO wavelengths used in this study, we obtained tne data presented in Table 5
below.

Miller’s Rule corrections to (1.064/1.064/0.532 pm) d-values for the other interactions
considered represent changes of 22% or less. However, since a considerable amount controversy
exists as to exactly what are the true values of d and experimental measurements are only good
to 10-20%, the importance of Miller’s Rule is considerably minimized. Therefore, Miller’s Rule
corrections were not used in this study.

Table §. Miller’s Rule Applied to 1.064 pm KTP d Values

Wavelengths (pm) d-value

KTP |1:064/1.064/ | 135/135/14.043/1.444/13.17/1.60/ Uncertainty E"J‘pe"m?“‘a‘
0.532 0.675 1.064 1.064 Range ncertainty

d (pm/V) (pm/V) 7

15.2-18.7
dy, 4.4 411 3.51 3661 4.0-4.8 +10%
ds, 2.5 2.34 200} 208| 2.3-2.8 +10%
d, 3.6 3.39 2881 301} 2943 1+20%
ds 1.9 1.79 1.53 1.60} 1.5-2.3 +20%
iil. Sellmeier Coefficients.

There is a difference in the Sellmeier coefficients depending upon whether KTP was flux
or hydrothermally grown. This fact could have a small impact upon the phase matching results.
The same situation might also apply to the KTP isomorphs.
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6. ISOMORPH COMPARISONS

a. Introduction.

The interacting frequencies (wavelengths) considered for this study were of interest for
on-going in-house experiments. Second harmonic (SHG) calculations used 1.064 and 1.35 pm as
the fundamental wavelengths since these are commonly available Nd-laser wavelengilis. Optical
parametric oscillator (OPO) calculations considered 1.064 pm as the pump wavelength, 1.444 and
1.60 pm as the signal wavelengths, and 4.043 and 3.17 pm as the idler wavelengths, respectively.
These wavelengths were chosen because of current investigations using OPO and DFM to
generate mid-infrared wavelength laser sources.

b. Phase Matching Characteristics.

The range over which phase matching is possible for the four three-wave interactions is shown
in tabular form in Appendix C. Plots of phase matching are shown in Figure 7 through Figure 15.
Calculations were made at 1° intervals of ¢; the symbols are shown every 10° for labeling. All
plots show a decrease in 8 with an increasing ¢. The overall change in 6 over the available phase
match range is given by the value I'. Clearly a value of I' = 0 indicates a uniaxial case. Thus,
this value is an indicator of how close to uniaxial each biaxial crystal is over a given phase
match region. Table 6 through Table 10 summarize the angular phase matching ranges.

i. Second Harmonic Generation.

(1) Typel. Figure 7 and Figure 8 show Type I SHG phase matching for the KTP
isomorphs. Type I phase matching is possible with all isomorphs throughout the ¢-angle range.
RTP and CTA have much greater I"'s than the other isomorphs by approximately factors of 3 and
2.5, respectively.

Table 6. Type I SHG Variations in 0

Crystal 1.064/1.064/0.532 1.35/1.35/0.675 “
1
gfé, Range of 6 r Range of 6
KTP 49.41°- 39.20° 0.11 40.25° - 29.57°
RTP 55.83° - 32.17° 0.30 47.12° - 18.82°
KTA 51.47° - 44.69° 0.08 40.76° - 33.79°
RTA 57.66 - 47.48° on 45.08 - 35.06°
CTA 75.50° - 52.22° 0.25 56.37° - 34.26°
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Figure 7. SHG Phase Matching, Type I, Figure8 SHG Phase Matching, Type I,
1.064/1.064/0.532 pm. 1.35/1.35/0.675 pm.

(2) Typell. Figure 9 and Figure 10 show Type II SHG phase matching curves. None
of the three arsenate isomorphs exhibited Type II phase matching for SHG using 1.064 pm at any
orientation. Even the phosphates had a limited range of ¢ angles at 1.064 pm. At 1.35 pm, SHG
Type Il phase matching was more easily achieved with all five isomorphs phase matchable and
only CTA having a restricted ¢ range.

Table 7. Type I SHG Variation in 6

1.064/1.064/0.532 1.35/1.35/0.675
Range of 6 r Range of 8 r
90.00° - 68.67° 0.33 49.11° - 39.42° 0.11
90.00° - 64.62° 0.53 65.95° - 43.91° 0.24
U — - 67.67° - 54.67° 0.08
- e - 70.40 - §9.73° 0.12
- 90.00° - 72.04° 0.49

(3) Typelll. For SHG phase matching purposes, this type is exactly the same as Type
II since the two input photons have the same wavelength. As soon as the degeneracy is lifted
though, thcy become different and this will become significant for the OPO calculations discussed
below.
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Figure 9. SHG Phase Matching, Type II/III, Figure 10. SHG Phase Matching, Type II/HI,
1.064/1.064/0.532 pm. 1.35/1.35/0.675 pm.

ii. Optical Parametric Oscillator.

(1) Typel. Figure 11 shows Type I phase matching for an OPO pumped at 1.064 pm
with 1.444 pm signal and 4.043 pm idler wavelengths. Figure 12 shows the phase matching
results for the 1.60 pm signal and 3.17 pm case. Like the SHG results, Type I phase matching
is possible for all isomorphs at all ¢ angles.

Table 8. Type I OPO Variation in 6

4.043/1.44411.064 pm l 3.17/1.60/1.064 ym “

Range of 6 Range of 6

39.24° - 29.06°

37.62° - 27.03°

47.61°-19.74° 45.85° - 15.77°
37.30° - 32.98° 35.95° - 30.92°
41.94° - 27.80° 40.35° - 26.65°
53.80° - 29.52° 51.89° - 26.41°
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Figure 11. OPO Phase Matching, Type I, Figure 12. OPO Phase Matching, Type I,
4.043/1.444/1.064 pm. 3.17/1.60/1.064 pm.

(2) Type Il. Type I OPO phase matching curves are shown in Figure 13 and
Figure 14. Like Type I, Type II phase matching is achievable over all ¢ values in all isomorphs.
The basic difference is that the Type II 8 phase matching angles vs. ¢ are a few degrees higher
than the corresponding 0's for Type L.

Table 9. Type II OPO Variation in 9

4,043/1.44411.064 um 3.17/1,60/1,064 um
Range of 6 r Range of 6 r
44.33° - 35.47° 0.10 44.85° - 35.96° 0.10
52.79° - 28.08° 027 53.16° - 28.67° 0.27
43.72° - 34.82° 012 46.01° - 36.%0° o
42.48° - 39.65° 0.03 44.43° - 40.17° 0.05
61.59° - 40.06° 0.24 62.60° - 41.18° 0.24

0 (Deg)
8 (Deg)

10 .

%0 10 20 30 40 50 60 70 80 90 0 5 10 20 30 40 50 60 70 B0 8O
¢ (Deg) ¢ (Deg)
Figure 13. OPO Phase Matching, Type II. Figure 14. OPO Phase Matching, Type II,
4.043/1.444/1.064 pm. 3.17/1.60/1.064 pm.
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(3) Type III. No Type Il phase matching could be achieved by any isomorph at
4.034/1.444/1.064 pm. Because dispersion decreases with increasing wavelength,

Pt (Msignat) = Piow (* sgnat) > Mot (Matier) = Mo (Miter) (48)
Adding:
Pne (M ignat) * Mt (Mitier) 49)
yields:
Rea (Aeignat) * Piow (Mier) > Mo (Mitir) * Mo (A gna) (50)

Here, the left side is the index sum used for Type II and the right side is the index sum for Type
HI. Usually, lack of phase matching means that the sum is insufficient to match the pump index.
Thus, Type II phase matching is “easier” since it always has a larger sum and, for the above
case, (4.034/1.444/1.064 pym) Type II works while Type III does not.

For the 3.17/1.60/1.064 pm case, Type III phase matching was possible for all isomorphs
except for CTA. Since CTA has the largest 8 value at a given ¢ for all types of phase matching,
it logically would be the first to fail to phase match for Type II where higher 0 values are
needed. Only KTP could be phase matched for all ¢ values.

Table 10. Type il{ OPO Variation in 0 90 T —
80 § r
3.1711.60/1.064 pm -0 | s
Range of 6 60 | -
“ob i J
77.%° - 65.90° 2 S50
90.00° - 66.88° o 40t J
90.00° - 71.37° 30} o e i
90.00°-81.52° ® RTP
_— 20 " o XTA A
10} 7 -
(0] O ——— ]
iii. Comments. 0 10 20 30 40 50 60 70 80 80

The largest variations in 8 were present ¢ (Deg)
for the crystals RTP and CTA while KTA, Figure 15. OPO Phase Matching, Type III,
KTP, and RTA showed much smaller 6 3.17/1.60/1.064 pm.
variations. Thus, KTA, KTP, and RTA are very
uniaxial-like in nature (i.e.. n, = n,) and the RTP and CTA crystals are more biaxial in nature
(i.e., n,« n).
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c. Effective Nonlinear Coefficients (d,,).

Appendix E shows d,g calculations for all SHG and OPO interaction types considered. Each
plot shows d,; as a magnitude above the 8¢ phase matching plane. All plots in Appendix E use
the same vertical scale for ease of comparison. The maximum d,; for each isomorph at the SHG
and OPO wavelengths according to phase matching type is shown in Table 11. Recommendations
for any particular crystal in this section are related only to the largest value of 4,5 found.

i. Second Harmonic Generation (SHG) Wavelengths.

(1) Type I Phase Match Region. The plots of d, for 1.064/1.064/0.532 um SHG are
shown in Figure E-1 (KTP), Figure E-10 (RTP), Figure E-19 (KTA), Figure E-27 (RTA), and
Figure E-36 (CTA). The d,4 plots for 1.35/1.35/0.675 pm SHG are shown in Figure E-3 (KTP),
Figure E-12 (RTP), Figure E-20 (KTA), Figure E-28 (RTA), and Figure E-36 (CTA). In all cases
the d,; goes to zero at the ¢ = 0° and 90° extrema. The maximum d; is typically near, but not
exactly, ¢ = 45° due to the varying contributions of 4,5 and d,,. For all isomorphs the d,5 values
were small (see Table 11); RTA and KTP had the largest values, but even they were only on the
order of 0.5 pm/V.

(2) Type Il Phase Match Region. Plots of d_4 for 1.064/1.064/0.532 pm are presented
in Figure E-2 (KTP) and Figure E-11 (RTP). Only KTP and RTP are shown because none of the
arsenates are capable of Type II phase matching. For 1.35/1.35/0.675 pm SHG, 4,4 plots are
shown in Figure E-4 (KTP), Figure E-13 (RTP), Figure E-21 (KTA), Figure E-29 (RTA), and
Figure E-37 (CTA). The maximum d,; was found where ¢ was at a minimum value and 8 was
at a maximum value. The minimum d,; occurred at ¢ = 90° (which is also where the minimum
value of © existed). Differences in d,; among the isomorphs was minimal for both SHG cases.

(3) Final Comment. When phase matching was possible, RTA had the largest d,; for
SHG in both Type I and Type II cases. The exception was Type II 1.064 pm SHG where KTP
was the winner because RTA did not phase match. Type II phase matching d,; values are always
larger than those found for Type I phase matching; about six times larger. However, the change
ranged from nearly 24 times (RTP 1.064 pm SHG) to about 6.8 times (RTA 1.35 pm SHG).

ii. Optical Parametric Uscillator (OPO) Wavelengths

(1) Type I Phase Match Region. Plots of d,j for 4.043/1.444/1.064 pm are shown in
Figure E-5 (KTP), Figure E-14 (RTP), Figure E-22 (KTA), Figure E-30 (RTA), and Figure E-38
(CTA). Plots of 4,5 for 3.17/1.60/1.064 pm are shown in Figure E-7 (KTP), Figure E-16 (RTP),
Figure E-24 (KTA), Figure E-32 (RTA), and Figure E-40 (CTA). In all cases the d,; goes to zero
at the ¢ = 0° and 90° extrema. The maximum d,; is generally near, but not exactly at, ¢ = 45°
due to the varying contributions of d,; and d,,. The isomorph RTA for 4.043/1.444/1.064 pm and
3.17/1.60/1.064 pm has values of 6 which are significantly larger than the other isomorphs
maximum d,;. Between the other isomorphs the difference in d,; values is minimal. Except for
RTA d,g values (where d g values were over 1.46 pm/V at 4.043 pm and 0.95 pm/V at 3.17 pm)
the isomorph’s d,4; values were fairly small (see Table 11), only on the order of about 0.4 pm/V.

(2) Type 11 Phase Match Region. The plots for d,; at 4.043/1.444/1.064 pm are
displayed in Figure E-6 (for KTP), Figure E-15 (RTP), Figure E-23 (KTA), Figure E-31 (RTA),
and Figure E-39 (CTA). For 3.17/1.60/1.064 ym, the d; plots are shown in Figure E-8 (KTP),
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Figure E-17 (RTP), Figure E-25 (KTA), Figure E-33 (RTA), and Figure E-41 (CTA). Maximum
d,y was where 8 was maximum and ¢ was minimum; minimum d,; was where 6 was minimum
and ¢ was maximum. The difference in d,; between the various isomorphs was not significant.

(3) Type II Phase Match Region. There are no plots of d g at 4.043/1.444/1.064 pm
since none of the isomorphs phase matched at this wavelength and phase match type. For plots
of d,; at 3.17/1.60/1.064 pm refer to Figure E-9 (KTP), Figure E-18 (RTP), Figure E-26 (KTA),
and Figure E-34 (RTA). CTA does not Type IIl phase match at this wavelength combination.
Maximum and minimum d,; values occurred as at Type II phase matching. The largest d,; values
were found in KTP and KTA and the difference in their values was very minimal. The difference
between the other two isomorphs (RTP and RTA) d,; values was minor.

(4) Final Comments. The crystal RTA has the largest d,; in the Type I phase matching
regions. The crystal CTA has the largest dg in the Type II phase matching regions. At Type I
phase matching (which only occurred at 3.17 pm OPO) the crystal KTP has the largest d,5. Type
Il and Type III phase matching d,, values are always larger than those found for Type I phase
matching; about six times larger. However, the difference ranged from 23 times (CTA 4.043 pm
OPO) to as little as 1.6 times (RTA 4.043 pm OPO).

Table 11. Isomorph Maximum d,; for SHG and OPO

Maximum d,, (pm/V)
CRYSTAL SHG 0PO

TYPEL [.TYPENW | TYPE! | TYPEWU | TYPEI | TYPEN | TYPEi | TYPEW | TYPEMI
KTP 04201 3268 | 0366 2603 0437 | 2387 0398 | 2412 349"
RTP 0126 | 2815 o032 3225 0342 | 2751 0431} 2768 2.6%
KTA 0231 ! — 0.163 2781 0407 | 2210 0174 2320 3.148
RTA 0468 | — 0.494 357 . 1462 2320 . 09514 2413 2.341
CTA 0216 — 0.26 2471 0.134 | i 3110 0.176 .5+, 3048 —

1.064/1.064/0.532 pm 1.35/1.35/0 675 um 4.043/1.444/1.064 pm 3.17/1.80!!.'064 nm

« Shaded regions indicate the largest value in each column

d. Walkoff.

Appendix F, Isomorph Walkoff Angles, shows walkoff angle as a function of angle ¢ for the
three-wave interactions. Since, in a biaxial crystal, both eigenpolarizations can have walkoff, we
show true values of walkoff for all three wavelengths. Of course, for efficient wavelength
conversion, it is most desirable to have all wavelengths with walkoffs as similar as possible.

Walkoff angles in the KTP isomorphs never exceed 3°. This corresponds to only 1 mm of
walkoff in a 2-cm long crystal so, in all cases, walkoff is small in the KTP isomorphs. However,
with judicious selection of phase matching type and crystal orientation, walkoff can often be
made to approach zero.

30




i. Partial Phase Match Regions.

Interestingly, for isomorphs in which phase matching did not exist over the entire xy plane
(i.e., ¢ = 0° to 90°) and where the value of 0 approached 90°, the walkoff angles of the three
wavelengths converged to near zero values. Type II 1.064 pm SHG in KTP (Figure F-2), for
example, shows this convergence effect. However, 1.35 pm doubling in KTP is phase matchable
for all ¢ angles and the result is that relative walkoff of the beams never gets less than ~2° (see
Figure F-4). RTP (see Figure F-11) and CTA (see Figure F-34) were the only other isomorphs
which had walkoff convergence at 1.064 nm SHG. No isomorph showed this effect at 1.35 pm.
For OPO interactions, walkoff convergence occurs only for RTP (see Figure F-18), KTA (see
Figure F-26), and RTA (see Figure F-34) for the 3.17/1.60/1.064 ym triplet. There are no cases
of convergence for the 1.444 pm signal wavelength case; neither OPO case displays convergence
for Type I phase matching.

ii. Walkoff Variations.

Among the isomorphs, walkoff for the Type I phase match region for RTP (except for
1.064/1.064/0.532 pm SHG which is unremarkable with respect to the other isomorphs) shows
the widest walkoff variation by far across the phase match region (see Figure F-12, Figure F-14,
and Figure F-16).

iii. Walkoff Similarities.

(1) Types I and II phase matching at 4.043/1.444/1.064 um OPO for KTA and RTA
is interesting from the perspective that the plots of the A, walkoff angles appear similar except
that the maximum walkoff angles are located at opposite ends of the xy plane with respect to
each other. The piots show a rather rapid increase in difference in walkoff (i.e., from from no
difference: 0°) between A, and A, at one end of the xy plane followed by a consistent and steady
decrease in the difference in the walkoff angle between the two wavelengths until 0° of walkoff
is again reached at the other end of the xy plane. For instance, in Type II phase matching (see
Figure F-23 for KTA and Figure F-31 for RTA), the maximum amount of walkoff between A,
and A, for KTA is located in the first half of the xy plane (¢ = 0° to 35°) whereas in RTA it is
located in the latter half (¢ = 65° to 90°). In the other isomorphs the difference in walkoff angle
between A, and and one of the other wavelengths (A, or A;) is minitnal throughout the xy plane.
The walkoff angle differences noted are pronounced compared to the other isomorphs.

(2) For Type I phase matching for KTA and RTA at 3.17/1.60/1.064 pm OPQO, a
similar walkoff phenomenon occurs as at 4.043/1.444/1.064 pm OPO. See Figures F-24 and F-32.
In this case, the walkoff for KTA between A, and A, is maximum at $=0° and approaches a
minimum at $=90°. In RTA, the reverse occurs (minimum at $=0° and maximum at $=90°); the
walkoff variation in KTA is somewhat less pronounced than in RTA.
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7. CONCLUSIONS/OBSERVATIONS.

The choice of crystal for any particular application depends upon a number of things
(application, availability, cost, wavelength at which it will be used, temperature considerations,
absorption, transmission range, etc). However, this study has a purely theoretical focus and
maximized performance is considered based upon phase matching, d,;, walkoff, and transmission.
Table 12 synopsizes the results by making recommendations for the crystal to use at what phase
matching type and at what three-wavelength interaction.

a. Crystal Characteristics.

Clearly no one single crystal does it all and does it well. However, the following comments
are valid for making recommendations.

i. SHG.

(1) Nonlinear Coefficient. Type I SHG has d,; values which are six times higher than
those of Type I. The crystal RTA has the highest 4,5 value for SHG except at Type II 1.064 pm
SHG (where KTP has the highest value). KTP has the next highest Type I d,; while RTP has
the next largest Type Il d,;.

(2) Phase Matching. The crystals RTP and CTA are highly biaxial (i.e, the value of
8 changes considerably throughout the xy plane) in nature compared to the other isomorphs. KTA
is the most uniaxial-like (i.e., changes in 8 are minimal throughout the xy plane) of the isomorphs
at all SHG wavelengths.

ii. OPO.

(1) Nonlinear Coefficient. At Type I phase matching, the crystal KTA has the highest
d,g values; the next highest levels are with the crystals RTA (4.043/1.444/1.064 pm) and RTP
(3.17/1.60/1.064 pm). For Type II phase matching the highest d,; values are with the crystal
CTA; the crystal RTP has the next highest values. For Type III phase matching, KTP has the
highest value of d, the crystal KTA has the next highest value. Types I and III phase matching
d gy values are 2 to 4 times higher than those of Type 1.

(2) Phase Matching. KTA is the most uniaxial-like (i.e., n, = n) of the isomorphs at
all Type I OPO wavelengths. RTA is the most uniaxial-like for Type I OPO wavelengths. KTP
was the most uniaxial-like of the isomorphs at Type III phase matching; however, not to the same
degree as either KTA and RTA.

ili. General Considerations.

(1) The larger |n, - n,| differences in CTA and RTP resulted in larger variations of
0 over the phase match range of ¢ for each phase matching wavelength and type. Variation
among the other isomorphs was minimal. However, variation in 6 for KTA was, overall, the least
of all the isomorphs. In other words, KTA was the most uniaxial-like isomorph.

(2) Maximum d_; does not occur exactly where walkoff between the 3-wave
interactions is minimized at any wavelength or phase match type. Maximizing d., while
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minimizing walkoff (i.e., maximizing signal out of the crystal) necessarily represents a tradeoff
between the two (d,, and walkoff angles). However, in those crystals where a limited range of
¢ phase matching values exists, maximum d g is very close to where the difference in walkoff
between the three waves is nonexistent or extremely minimal. Thus, this represents a case where
tradeoffs between walkoff and maximum d_; are not necessary. However, this works only for
specific wavelengths and phase matching types. In this study this situation exists only at Type
II 1.064/1.064/0.532 pm SHG (KTP and RTP), Type II 1.35/1.35/0.675 pm SHG (CTA), and
Type 11 4.043/1.444/1.064 pm OPO (RTP, KTA, and RTA).

(3) Maximum d,; for Type I phase matching is basically in the central area of the
phase match region. For Type II and III phase matching the maximum d,g is at the smallest angle
¢ (and largest value of 8) at which phase matching occurs.

iv. Crystal Transparency.

Choice of a crystal is not usually independent of the wavelength at which it will be used.
Therefore, it is important to know the light transmission through the crystal at the chosen
wavelength(s). Figure 16 and
Figure 17 [13, 14] provide an
indication of the amount of light
transmission at a given wavelength soF N
for each of the KTP isomorphs.
The crystals used were uncoated
samples. But, because their
thicknesses are unknown,
correlating the percent of
transmission values indicated in
each of the figures is not possible.
Therefore, the percent of
transmission between figures (and
curves) should be taken as a
relative data item only. With o . . , . L
appropriate  antireflection (AR) 2.5 3.0 3.5 4.0 4.5 5.0 5.5
coatings, the percent of light Wavelength (1m)
transmission of each of the Figure 16. Phosphate Isomorph Transmission Spectra
isomorphs can be made nearly
perfect for well grown crystal samples, at least in the “flat” portion of the transmission region.
It is important to note where the transparency of the crystal begins to fall. This is where the
amount of absorption becomes a factor for consideration since losses due to absorption are not
compensated for by AR coatings.

The extended transparency in the infrared of the arsenate crystals (KTA, RTA, and CTA) is
clearly an advantage over the phosphate crystals (KTP and RTP) for midinfrared purposes [13].
Note: the isomorph trensmission curves in Figure 16 and Figure 17 are digitized representations
of the original transmission curves which were found in hardcopy figures. These digitized curves
were then replotted here. The transmission curves for CTA, KTA, and KTP were obtained from
Reference [13] and the curves for RTP and RTA were obtained from Reference {14].

100 T T T

Transmission Percent
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(1) SHG. Since each of 100 [;_, y v ' ,

the isomorphs has relatively flat 80 bkl -
transmission curves at the SHG 80 |
wavelenpths, this region of the I
isomorph transmission curves is not g 7e )
displayed in ecither of the two 5 60 n
figures above. Transparency at '3 50 -
SHG wavelengths in this study is E 40 i
not a useful discriminator as to é
which crystal to select or reject. = 30 7
(2) OPO. For the 20 7
following discussion see Figure 16 10 =
and Figure 17 for references to 0 . : . :
isomorph light transmission curves. 2.5 3.0 3.5 4.0 4.5 5.0 5.5
The wavelengths of i.444 and 1.60 Wavelength (um)

pm are used with 1.064 pm to Figure 17. Arsenate Isomorph Transmission Spectra

generate the mid-infrared (mid-IR)
wavelengths of 4.043 and 3.17 pm, respectively.

The wavelength of 3.17 pm is in the relatively flat transmission curve region for all of the
isomorphs (except for KTP) which indicates that the arsenates and RTP are good candidates for
use at this mid-IR wavelength. Beyond this wavelength, however, only the arsenates are good
mid-IR candidates. At 3.17 pm, the KTP crystal indicates about 18% loss and for RTP, the loss
is about 4%. For the arsenates, both CTA and KTA experience about an 8% loss while the loss
for RTA appears minimal at best.

At 4.043 pm, the two phosphates (KTP and RTP) are in steep decline with respect to their
ability to transmit light (see Figure 16). So, this essentially represents the maximum mid-IR
wavelength at which they can (or should) be used (if the amount of absorption can be tolerated).
On the other hand, each of the arsenates still has a nearly flat transmission curve at this point.
Phosphate losses at 4.043 pm are over 30% for KTP and around 17% for RTP—fairly serious
losses. For the arsenates, losscs we around 8% for CTA and KTA and minimal for RTA.

The transmission curve for KTP shows that it is most applicable to wavealengths less than
2.75 ym (the flat region of its transmission curve) and perhaps a small region around 2.83 to
2.9 ym. The crystal RTP appears applicable to those wavelengths from about 3.2 pm and less and
perhaps a small region around 3.4 to 3.8 pym. The arsenates, on the other hand appear better
suited for wavelengths beyond where the phosphates are capable. Both CTA and KTA appear
well suited to wavelengths to around 3.65 pm and RTA to around 4.6 pm. A 5% loss from the
isomorph’s “*flat” transmission curve region was used as an arbitrary demarcation point beyond
which absorption losses become a concern.

b. Conclusions.

Table 12 below svnopsizes the information available on the isomorphs for use at a given
waveleneth, phase match type and transmission loss. Since there is little utility in using any of

4



the crystals in Type I phase matching only the isomorphs with the maximum d,; are provided in
the table. As can be seen, the isomorphs all appear to perform in a manner similar to KTP.

i. SHG. All wavelength selections for the SHG cases were in the spectral regions where
losses due to absorption were not an issue.

(1) 1.064/1.064/0.532 pm, Type II. Only KTP and RTP phase matched here. Both
perform about the same. However, the d,; for KTP is better and the walkoff is abuut three times
less than that of RTP. Therefore, KTP is the best option.

(2) 1.35/1.35/0.675 pm, Type L. All isomorphs phase matched and all performed well
in this region. However, RTA was slightly better in terms of d,; value and walkoff (which is just
over half that of the other isomorphs except for CTA). Although CTA had by far the smallest
walkoff (about four times less than RTA), it also had the smallest value for d,g.

ii. OPO. In this type of operation, isomorph transmissivity becomes a major consideration
in the preferred choice of crystal.

(1) 4.043/1.444/1.064 pm, Type II. Both CTA and RTA perform very well in this
region. The d,; for CTA is slightly higher than for RTA, its walkoff is about !%° less than for
RTA, but CTA appears tc have higher absorption than RTA. The transmission characteristics for
RTA show it to have a relatively flat transmission curve out to about 4.25 pm while for CTA,
the flat portion of the transmission curve extends to only about 3.7 pm. The better wansparency
for RTA at 4.043 pm may compensate for its slightly lower d,; with respect to CTA. Therefore,
RTA is the preferred crystal in this group with CTA a very close second.

Although the phosphates (KTP and RTP) have slightly smaller values of d,g, the walkoff for
each was around one-third larger than that of CTA (and about 25% larger than for RTA). Both
phosphates suffer substantial transmission losses which makes them poor OPO candidates for
generating 4.043 pm. The crystal KTA has the smallest value of 4,;, a slightly higher walkoff
than RTA, and about the same amount of transmission loss as CTA. In short, KTA is a better
choice than the phosphates but is not quite as good a choice as either CTA or RTA.

(2) 3.17/1.60/1.064 pm, Type II. The isomorph CTA is clearly the crystal of choice
in this region. It has by far the smallest walkoff of any other isomorph and transmission losses
are negligible. The phosphates have decent d,; values but each has large values of walkoff (nearly
3°). KTP has significant transmission loss which makes it poor a OPO candidate for 3.17 pm.
RTP, on the other hand, has a small amount of transmission loss. It might make a decent
candidate for OPO use here. RTA has a slightly less d,; value, about 0.6° more walkoff than
CTA and negligible transmission loss; KTA has the smallest 4,4, about 0.9° more walkoff than
CTA and about the same transmission loss. In short, the arsenates are the better choices for 3.17
um, Type II OPO work than the phosphates.

(3) 3.17/1.60/1.064 pm, Type III. The arsenate RTA, while it does have the smallest
d.s value, has very minimal walkoff and negligible transmission loss. KTP has much to much
transmission loss to be a viable candidate, even though it does have the largest value of d ;. The
isomorph KTA has small walkoff but its transmission loss cannot be ignored. RtP has a larger
d. than RTA, four times the walkoff (though it is still fairly small). However, it has a small
amount of transmission loss that RTA doesn’t have. Therefore, RTA is the isomorph to use here.
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iii. General.

The arsenates characteristically have a smaller walkoff than the phosphates, typically
somewhere around 0.8° to 1.5°. However, this represents about 0.5 mm in 2 2-cm-long crystal.
With careful consideration and design (with respect to crystal size and/or pump oeam size, for
instance) walkoff effects can be minimized. Where KTP does not have the largest d,,, the
difference from the isomorph which does is typically no more than about 0.7 pm/V.

The bottom line is that, strictly from a performance characteristics basis, as long as the
wavelengths are less than about 2.75 pm there appears to be no real reason to switch from KTP
to another isomorph. At the OPO wavelengths, however, RTP and RTA are good choices
primarily because their losses are less than that of CTA (RTP has about half of the loss
experienced by CTA while RTA has negligible loss). Beyond 3.17 pm only the arsenates are
good choices because of the significant transmission losses experienced by the phosphates.

Developing the necessary expertise tc grow one or more of these crystals for use over the
choice of KTP is not justified given the indicated performance characteristics, the cost, and the
necessary time provided the wavelengths being considered are less than 2.75 pm. Beyond this
is a region in which KTP experiences severe losses and cannot adequately compete.

Further study is necessary to more fully characterize the isomorphs RTP, KTA, RTA, and
CTA for applications at wavelengths beyond 2.75 pm. Other differences in the isomorphs, such
as the power handling ability (where bulk and/or surface dainage occurs), may exist but are not
identified in (and are outside the scope of) this study. These differences could prove important.
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Table 12. Isomorph Selection Synopsis

Wavelengths (um) |y Id,,| Walkoff (milliradians) | Approx.
(A/AJA,) s| Type | Crystal v Transmit
e P Py P, Py Loss (%
i ATA 0463 | 3257 | 3257 6.976'
1.064/1.064/0.532 I KTe 3268 35 | o 49
RTP 2815 | 1155 | 0 13.09
s| | RTA 0494 | 3274 | 3274 6.578"
HE o RTA 3357 § 0 27.09 [ N/A
1.35/1.35/0.675 ¢ P 3225 |0 4082 o
KTA 2781 | 0 39.43 0
KTP 2603 | 0 49.02 o
CTA 241t | 78 | © 76
I RTA 1462 | 226 | 3684 3.18'
I CTA 3110 | 0 30.82 o 8
RTP 2751 | o 51.38 0 17
4.043/1.444/1.064 KTP 2387 | 0 50.14 o >30
RTA® 2320 0 40.95 0* -
KTA 2210 | o 4568 o 8
m — — — — —-— NA
ol | RTA 0951 | 2662 | 3291 5,07 -
P CTA 345§ ©. 29.85 0 -
0 RTP 2768 | o | so74 0 4
KTP 2412 | 0 48.56 o 18
RTA 2341 | o0 4091 o -
31711600104 KTA 220 | o | 40| o -
M KTP 349% | 2016 | 0 0 18
KTA 3148 | o© 448 4.40 -
RTP 26% | © 1133 ] 1160 4
RTA Ut o0 ¢ 321 -
Notes:

1. Isomorph selections are provided according to decreasing value of d,,.

2. Because the importance of Type | phase matching Isn't significant compared to Types if and Ill, only the
Isomorphs with the largest d_, value are listed.
3. Isomorphs in Types il and lil which are predicted to ba the best performer are highlighted.

{ndicators:

' Wavelength - vhich the walkoff values of the other two wavelengths are measured.
— Transmise'n:v 048 is minimal.
¢ Preferred selaction in categury
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APPENDIX A Phase Match Calculations Worksheet
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CALCULATE PHASE MATCHING ANGLES
for Positive or Negative Nonlinear Biaxial/Uniaxial Crystals

e T e e e T o 2 O v e e e, T e ven o e,
e e R e R e R e e e e e e e e e e S et e N e Te =2

Selimeler Values
§ :=READPRN(sellmicr RTA)

222681 0.99616 0.21423 0.01369
§=1197756 125726 020448 000865
228779 120629 0.23484 0.01583

ORIGIN '=0 TOL ' =0 000001
WAVELENGTHS SELECTED
Lser Provided #] => A o =1064
Lser Provided 12 ==
> A p=160

Acalc is positive valued 1 1
lc;:k::'-'(l'a 'A'B )

Assign Wavelengths (o satisfy: Al 2 A2 > A3.
Ay Apihg

whendg < Ap =—>

cale

ll=3.1761 A, - 1.6000

g:= L

T80 <==== Degrees to Radians Conversion

<==== Enter user provided values (#1 and #2) such that Aqt S AR

-1
A calc = 31761194

AyiThg

A 5 =1.0640

SET the Phase Match Category with which you desire to work according to the following CATEGORIES
(NOTE: SELECTING A PHASE MATCHINGIS NOT REQUIRED!):

1 = SHG/sSFM 2 - DFM-32/0PA-32

3 - DFM~=31/0PA-~31 4 - OPO
CAT =1
Selimeler Equations :
0.5 0.5
S 2 . 2
wx(A) 1= Sg, gt ——1— - 5,5 wy(8) =5, gb—tet 3~ 51.9%
S
1. [20.2 1- (2
A A
2 0.5
nz(l) .= 52 ot 2-52‘3-1
1— (2.2
5
Indices of Refraction
mx(X 1) (2 2) “"(l 3) 17577 17906 18027
n.= ny(l l) ny(l—_,) ny(l 3) n=| 17756 17982 18092
- 18278 18655 18809
afhy) ne(to) nhs) |

WRITEPRN (mdu:csd ru) Zne
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Worksheet Developed by Capt Dale L Feaimore
WL/ELOS, Wright-Patterson AFB OH

(A-1)

(A-2a,b)

(A-3a)

(A-3b)

(A-3¢c)

(A-3d,¢, )

(A4)

(A-5a,b,¢)

(A-5d)




SETUP Iuodices of Refraction for Phase Match Equation Use

.l:=(n0,0)-2 522-'—'(110.1)-2 a3.= no'z)-z

(A'&v b¢ C)
- -2 . -2 e -2
briF(ay,0) 0 b2iF(ng ) b3:%(ay,2) (Ad, e
- -2 - -2 - -2 .
cy:= nZ,O) c2--(n2") C3~-(n2'2) (A-6g,h, i)
The following equations were developed using the 1987 article printed in Applied Physics, 1987, wnuen by Fahlea and Yao.
SETUP for Phase Matching Calculations
kx(8,0) :=n(6)-cos(0) ky(8.6) :=sin(6)-sin(¢) k2(6.0) :=cos(6)
(A-Ta, b, )
Setup Each Wavelength for Phase Matching Calculations
2 2 2
B 1(8.0) :=-ix(8.0) " (b 1 +¢ 1) ~ky(6.0) (a1 +¢ 1) —k2(8.0) “(a 1 b y) (A-88)
2 2 2 (A-8%
€ 1(6.0) :=ix (8.9) b e 1 +-ky(6.0) a1 | +-k2(8,0) “ayoby
2 2 2 A-8
B 2(8.6) .=kx(8.0) (b 24¢ 2) ~ky(6.0) (a2 +-c ) —kz(8.0) (a2 +b 9) EA.BZ))
2 2 2
C2(0,0) 1=ix(8,0) b pc 2 4+ ky(8.0) e e o +-k2(8,6) “apb gy
= 2 2 2
B 3(8,0) :=-kx(6,4) ‘(ba+ec3)— ky(e.0) (a3+c3) - xz(0,0) (a3t+b3) A89)
. 2 2 2
C308,0) :=kx(0.0) b 3¢ 3 +ky(0.0) " a 3c 3 +k2(8.0) “a 303 (A-8D)

Indices of Refraction for Phase Matching Angles (A's 1, 2, & 3)

a ls(e'¢) = r I\/.é
J.a ,(e.o)—JB 8.0%—ac,(0.0)

02,(0.0) = ‘JE

-B 5(6,0) —«l B 5(0,0)° - 4C 2(6.0)

a 3,(9.0) = 'JE

-B3(8.0)—+/B 3(9,0)2_4-0 3(8.0)

Wavelength Dependent Indices Assignments

9,0) 9.
nys(6.6) :=L‘(_ﬁ. n a2 (8,0) =2 25(6.9)
1 A,
8.0 6.
a XH(G-O) ~=2—‘€-<——)— n 12[(8_0) ‘:n 2('( 0)
A 1 k )

Column 3. Slow Ray, Column2: Fast Ray

= A2
2100): (A8, b)
J':; 1(9.¢) 'f"\]B 1(0-¢)2—4'C l(6,¢)
n 9¢(8.6) 1= V2 (A%, d)
J-B 2(6.0) +J B 5(0.0)°— 4.C 5(0.9)
n3(8,6) 1= ye
-B3(8.0) +J B 5(8.6)° - 4.C 5(8.0) (3.0
a 235(6.9) =230 3(0.0 (A-10a,b, ¢)
Ay
n 231(8.0) .=“_3fﬂ (A-10d, ¢, D)
Ay
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Assignments for the Appropriste Equations to Use in SOLVING for the Phase Match Conditions for the CATEGORY Desired
ATHO.4) =if(CATw1,n,31(8.4),if(CAT=2,n 3 4(0.4).if(CATH3. 0 25,m33((0.9))))

(A-113)
ATIO.#) =if{CAT®1.ny3(8.4),if(CATm2.1 ) 4 (8.4).if(CAT®3,0,5,(0.4).013¢(8.4)))) (A-11b)
) (A-llc)
ATHI(0.) =(CAT®1.n,3(8.4). f(CATm2.n ;4 4(6.0), if[CAT®I.n;2¢(8,4),013¢6.4))))
SHG1(8.0) =1 q5(8.0) « ny25(6.0) SHG20.4) =3 1(0,0) ¢+ 0y, (8.4)  SHG3(0,4) =n1g(8.4)+nyaq(6,4)
(A-12a,b,c)
QPOI(8,4) =SHGI(0.4) 0PO2(8.4) =SHG2(6,4) OPO3(8,4) =SHG3(0,4)
(A-12d.ef)
DFM32_1(8.4) =n,3¢08.0) - 0)25(6.4)  DFM32_2(8.4) =n;30.4) - 0324(8,4) DFM32_3(6,4) =n;3£0.)- nye(6.4)
(A-12gh,i)
DFM31_1(8.4) =n;346.0)- n;1g(8.0) DFM31_2(8,4) =n;346,4)- ny4(0,4) DFM31_3(8,4) =n;3£8.0)~- nyq4(6.4)
(A-12jk1)
A[(8,4) =if( CATm1.SHGI1(0,0).if(CAT=2, DFM32_1(0.4),if(CAT=3, DFM31_1(6,4),0P0O1(8.4)))) (A-12m)
Aq1(8.4) =if(CAT=1,SHG2(6.¢),if(CATm2, DFM32_2(0,4),if( CAT=3,DFM31_2(8,4),0PO%(6.4)))) (A-12n)
i A-120)
Aqgr(8.4) = d(CAT=1,SHG3(8.9), if( CATm2, DFM32_3(0.4),if(CAT=3,DFM31_3(6,4),0P0O3(6,4)))) (
SETUP SOLVE BLOCKS FOR TYPE [, I, AND III (as appropriate) PHASE MATCHING
CAT = 1.0000
CRYSTAL:
Solve Block for Type | Phase Matching
Given (A-13)
A (6. 0)mA [{(0.4) Wavelength Dependent Solution (A-13a)
0l 020 ¢ 420 Constrain to (A-13b)
2 2
I matcn(8.4) = FIND(6) Determine Solution (A-13¢)
Solve Block for Type 1l Phase Matching
Given (A-14)
Aq(8.4)mA 11(6.4) Wavelength Dependent Solution (A-14a)
8<t 920 <X 420 Constrain to Quadrant | (A-14b)
2 2
i mach(0.4) =FIND(8) Determine Solution (A-l4c)
Solve Block for Type 111 Phase Matching
Given (A-15)
Apr(9.0)mA Ty1(8.0) Wavelength Dependen Solution (A-15a)
9sl 620 s<l 420 Constrain to Quadrant 1 (A-15b)
2 2
Ul pyageh(.#) = FIND(8) Determine Solution (A-15¢)
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This page graphs the region for Phase Maich Determination

PRNPRECISION -8

190 —— i 20.90
“ 180
A TAT1(.4)  Agy =1.6942
B; =A1(8;.4)  Bgy=1.7414
1.75 T
A.
i
T Tk 1
B
1
1.65
0 50 100
1
Phase Matching: Index of Figure A-1a
Refraction of Generated Type l
vs Applied Wavelengths

9 =i
180

es I, 11, & 111]

CAT =1

Ci A T"(Oi.“) Cw =1.6842
D; :Ay(6;.#) Dgg=1.7193
1.72 T
C; 1.7 -1
Diy 68 |- -
166 L
0 50 100
i
Figure A-1b
Type 11

Vary the value of "¢x_start* below (where “x* =1, 2, or 3 for the
each of the three phase matching types) to locate the beginning of
the phase match region shown to end at ¢ = 90° above

Typel
41_start =0
o z§l_stantg

i_stat =0

Type il
Q2_sant =0
@ =@ stang

i_end 290

A, =A-n(ei.¢|) A, (g = 17004

B, =A1(6;.41) B, eng = 1741438

1.75

>

17—

(oo}

1.65

Phase Matching: Index of

Refraction of Generated
vs Applied Wavelengths

Figure A-2a
Twvpe |

A 1 =3.1761

<=== Assign start of phase match region

and convert to radjans

Crystal:
(A-16)
(A17a,b,¢)
; =A-n"(9i.“) Ew=1.6942
(A-18a,b, ¢)
Ap(0;:#)  Fgp =1.6946
(A-18d, ¢, f)
1.7 1
Ei 1.69 -
Fi 168 - -
167 L
0 50 100
i
Figure A-1¢
Type Ill
A, =1.6000 A4 =1.0640
CAT =1.0000
(A-19a, b, c)
(A’l9d9 ¢ 0
(A-20a, b, ¢)
(A21)

<=== Assigy range as

C; *ATH(842) € g =1.7004

D; =4 q1(8;.42) D; ng 17250
1.75 T
C.
1
IR RA o -
Dl
]
165
0 50 100
t
Figure A-2b
Type Il

<=== Assign test range for figures below

. :A'nu(ei,ﬂ) Ei_end=1'695852

(A-22a,b,¢)
G A(03)  F g =1.695859
(A-22d, ¢, )
1.7 |
_——
E 169 -
firesf- -1
167 -
0 S0 100
1
Figure A-2¢
Type 1l




{ INFORMATION |}

-al end Start Phase End Phase 3 Wavelengths
x =4l _start.a_ Match Range Match Range Used
3, <1 558, x .
¢ *Imaich(535.x5) ol sart=00000  iend =90.0000 A =3.176
92 _start =0.0000 A, =1.6000
y 202 start .1 _¢nd 3 _start =59.0000 14 =1.0640
92y =1 gy y (5553 212011y (55 5.y £).0)
8y =1f(62,20.62,.0)
z =43_start..1_end
\
83, =1 mmmh(ss;.z~g)<§,mmalch(ss-g,z-g).O}
000, =1f(63,20.83,.0'
g : Eg <===== Radans to Degrees Conversion
b}
S0 T T T T T N T T =)
\\\
80 - g
70— -
%S ook .
8y 9

—

Start of Phase Match Region

Ig1_stan =403468 deg

woz_.lm =44 4295 deg

00,3 o =88 8583-dcg

X.Y,.Z

End of Phase Match Region
9 ond =26.6517 -deg

89 ond = 40 1684 +deg

i_en

890, ¢ng =81.5161 -deg
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Figure A-3
Phase Matching (8 vs ¢)

(A-232)
(A-23b)

(A24a)
(A-24b)
(A-24c)

(A-252)
(A-25b)
(A-25¢)

(A-26)




Setup for Data File for Phase Match Angles

N =0..90

Wiy =k puy =N lhﬂll,q 2iy-8

sz =7.2 Lhdl"N H)ON'S l.hdl”N =if.‘l\lhcu"N30.09N'9.0)
w3, 3 theta i, =My 9 theta qrp,, =ir(ummNzo.eeeN-s.o)

"Matrix" of phase match region data values
data = augmem(augmmt(auynem(augmcntl\augncm(\aug;nmt(w W 2),w 3).phi),thcu I) ithetayy), theta lII)

DATA FILE FORMAT (by Column): AL, A2, 13, &8 (T 8 (IIx # (1N
Saves the Phase Match Angle pairs for Type 1, I1, & [l phase matching

WRITEPRN (PM_DATA ;) =datas

SCRATCH PAD AREA ..
3_start =59.0000

8t = 1y (55°¢,58.630:8) b1 = 80.99997094 deg
0= 1L gy o (558.58.6299-8) o1 =80.99997921 +deg
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(A-28a,b,¢)
(A-284,¢, 1)

(A-28g b, i)

(A-293)

(A-29b)



APPENDIX B Effective Non-Linear Coefficient (d,5) and Walkoff Calculations Worksheet
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CALCULATE BIAXIAL/UNIAXIAL CRYSTAL NONLINEAR COEFFICIENT (d,y)
and WALKOFF (p) FOR POSITIVE/NEGATIVE CRYSTALS

OBTAIN DATA FROM DATA FILES
Mazrix :ZREADPRN(PM_DATA RTA) d jjk "“READPRN(dijk 11,) n . ZREADPRN(indicesd 1) (B-1a,b,¢)
JDENTIFY ORIGIN FOR WORKSHEET MATRICES
ORIGIN :=0 (8-2)
djji for the crystat Indices of Refraction (A by colum - feft (o right,
axes by row - x, y, and z)
000 000 000 000 150 000 1.757675 1.750561 1.802654
dij =| 000 000 000 360 000 000 = l.';756l | 1798208 1809211
\230 3.80 1580 000 000 0.0 o= : :
1.827846 1.865507 1.880939
Select Pogitive or Negative Crystal Type with a POSITIVE or NEGATIVE Numbar. CT:=-1 (8-3)
NOTE: Unless property selected, the calkculated value for d.” and walkolt anqgle may ngtl be correct.
PHASE MATCH angles data file LEGEND {Matrix], (by column): A1, A2, & Aq; ¢; 6(f); 0 (11); © ()
SELECT AN ANGLE ¢ FOR WHICH AN ANGLE € EXISTS (for Type 1, fl. or lif Selected Below)
tE 8-4)
) Z=[(Mmix<0>)i (Matix), (M ).] (B8-5a)
Moo AT, A3-FRo,2 (B:5b. ¢, d)
X‘=3.176 12=l6 l3=l.064
Satacts the Phase Matching Angle Pair from the data file
TYPEI TYPE !l TYPE Wl
1 :=.ugmem(Mmix<‘> Matrix™ >) u 1=|ugmem(Mmix<s> Marin™) m :=wgmcm(Mnlnx<6> Matrix® >) (8-6a,b, ¢)
Identify the Type of Phase Matching Desited (7 = Type |, 2= Type /I, 3 = Type I}
PMID :=1
(8-7a)
= =1,1,if( PMID=2,11, M
Type :Sif( PMID= ( ) (B-7b)
._( <0>) = .
A S\Type ) deg 8:2A; 9 =40.3468%deg (8-7c.d)
B; 2=(1ypc<l>)i-dcg L ¢ =0%deg (B-7e.1)
SELECT Phase Match Category for Desired Nonlinesr Coefficient (deft)
1 - SHG/SFM ("A3") 2 - DFM~32/0PA~32 ("A1"™)
3 - DFM-31/0PA-31 ("A2"™) 4 - OPO ("A1™)
CATEGORY =4 (8-8)
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This reglon begins the csiculation for the etfective non-linesr coelficient (dep).
These caicuiations are NOT limited to the principle-sxis.

This is the solution for the OPTIC AXIS, Q
This angle, Q. is measured from the 2-axis to the oplic axis.

F I . ) 2.,5‘ ) NOTE. the 10 -18 valus is intended to prevent tan25 from
el 2.0/ (1,0~ (0,0) AL expariancing a singulanty
n 2 2
L0 (h2,0) " (0.0) ") |
[ - ~.5]
2 2
Q.= an M ("1.1) ‘(”o,x) +.1o"8
" [ ( 1)2‘(“0 1)2
r o ) :S‘ (8-9)
2_ 2f 31.107
wnf 221 (1.2 = (0. #1071 Q=19.167 [*deg
o, 2 2
L L2 (m2) - (30,2) ) | 17333

This Is used to caiculate the polarization angle, “5". This angle is formed by the direction of the siow ray electric displacement
unit vector, ey, from the surface of the plane formed by the wavefront vector (k) and the z-axis

cos(8) -smﬁo) ]

ex{0, ) ()" - cox(8)con (81 - a()?
14028 ;= i) a2 tan25 = lg (8-102)

ca(ﬂl'o)z sm(e)z—cos(e)z-oos(o)z-g-sm(o)z ) ko

cos(9) -sm(Z o)

 cx(27,0)*-un(6)” — cos(e} " con()” - sale)”

8 ogj-=if(cos(8) -sin(2-0)=0,0, it(cos(8) in(2.4) >0,0, 7)) 8 44j=0 cos(8) -sin(2:¢) =0 (8-100)
(san(ian28 ) +8 4g5) 05 0.000
8= (uan 28y ) +5 ) 05 5= (o.ooo )'dc; (B-10c)
(‘”"(““252,0) +8 “D-O.S 0.000
The following are the solutions for the SLOW (b1) rays and the FAST (b2) rays. These solutions represent the UNIT
VECTORS of the electric displscement vectors. Columns represent A1, A, & A3, respectively.
a1=-cos(6)-cos(¢)-cos(80'o) +sm(o)-sm(80.0) b 2=-cos(8)-nn(¢)-cos(ﬁo'o) -cos(¢)-sin(50'o) (8-11akb)
¢+=-cos(8)-cos(6) cos(8; o) +sia(6)-sia(8; ) ¢ --cos(6)-sin(6)-cos(8y ) — cou(¢)-sin(§y o) @-11cq)
e 3-008(8) -coe(0)-cox(3; o) +4a(6) s (85, o) £:=-cou(6)-sia(0)-cou (8, ) — cou(6) -in(8,, o) (B-110)
a -=-cos(6)-co:(o)-sm(80‘°) - sm(o)-cos(ﬁo.o) bb =~°05(9)'Sin(°)'5in(50'0) +C°'(¢)'°°‘(5o'o) (B-11g.h)
ce ::.a,‘(e).w,(o).m(z;l . o- m(g).w‘(sl '0) ad =-cos(9)-m(¢).m(8l '0) +°°‘(°>'°°‘(51.o) (8-11i)
ec .- cos(8) -cos (0) sm(&z'o) - sm(o).ws(az.o) ff =-cos(8) 'sm(o)-sin(ﬁz'o) -{-cos(o)-cos(&z.o) (B-11k)
[ a c ¢ an cc ec
by.=| b 4 f by'= tb dd g (8-11mn)
\sm(e) ws(&ol‘)} sn{8) cos(é‘ '0) sm(e)cos(&zo) an(a) -Sin(so‘o) m(e) 'sm(sl .0) sm(e)sm(ﬁz'o)
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This section cajculates the electric fleld's two polarization components, *1. A2, and A3 (lop to bottom), respactively.
Column 1 is for the *“SLOW" rays (€1); column 2 calculates the “FAST" rays (92).

505 2057

[ (";lo.o)z+ (b1, .o)2 + (b 12.0)2 (0 2.0) . (°2 .0)2 . (b 2z.o)2

i ("o,o)4 (“1.0)4 (“2.0)4 b L ("o.o)4 (“1.0)4 (“2.0)4 ] &
i 105 ¢ -0. -

Pb = (‘L‘o.l)zT ( 11.1)2+£’ 12.1)2 ("20.1)24' ("21.1)2%("22.1)2 S

| (“0.1)4 (°1.1)4 (“2.1)4 ]| (m, 1)4 ("1.1)4 (=, 1)4 ]

.(20‘2)2-. (b 11.2)21_&" l2'2)2'0-5 'on.z)zf (b 21.2)2*_(?_2212:0.5
L ("o.z)4 (“1.2)4 ("2.2)4_ | (“0.2)4 (“1.2)4 (“2.2)4 |

Ihis section calculates the UNIT VECTORS for the polarization components for the electric flelds, The “SLOW* rays are
calculated by *a1,* the *FAST" rays by ‘a2.° The rows represent the x, y, and 2-axis components, respeciively, the columns
represent A1, A2 & Ag (left to nght), respectively.

® 10,0 ®lo.1 ®lo.2 [ b2 ®20.1 b2, ]
Py 2 By, (an )2 Pby (g )2 Pb, (a5 ) Pb 2 m, (o, )2
0.0'("0.0) 1,0 ( 0-1) 2,0 ( 0.2) 0,1 (“o.o) 1.1‘("0.1) 2,1 ("o.z)
13,0 1y, ®11,) | b2 b2y, 52,2
s - > 5 22 5 5 3 (8-13a,b)
Poo.o(®1.0) P10 (1.1)" Po2,0(mr,2) Poo 1 (o,0) POy 1 (o1,1) Poop(Ry,2)
®13.0 b1y, b1y 20 5231 b2,
P 2w, o(n, ) P, o, )2 Po (o N2 Pb. o )2 Pon ofn, )2
| 0.0'(82,0 ™10 (2,1)" Py0(.2) | | Po,1 (2.0 Porr(m2,1) Py p(m2.9) |
Categories: CATEGORY =4 Crystal Type (Positive or Negative Phase Maich Type
1 = SHG/SFM, 2 » OPO-32/DFM-32 Number indicates Type) PMID =1
3 = OPO-31/DFM-31, 4 ~ OPO CT =1
Identify which column to use for the specific phase malch category selected
C; 'Tif( CATEGORY=1,2,if( CATEGORY=2,0,:{( CATEGORYS3, 1,2))) c,=2 (i) (8-14a)
C j i=if( CATEGORY=1,0,if( CATEGORY=?, 1, 1{( CATEGORY=3,0,0))) cj=0 @j) (B-14b)
C i ‘i CATEGORY=1, 1,if( CATEGORY=2,2, ( CATEGORY=3,2,1))) Cg=t {ax) (B-14¢)
Setup the a,. 3, and a, vectors
Type l. ll, and 1l
C <C,> C C B-15a,
|i1=|((('1'20.32< > av) :k‘=ir(C'rZo..l< K 2 C%) (B-152.b)
Typel Type li/R1
<C > <C.> C > C >
ayj =.r(c120..1 “ o ) ;zj.z.r(cﬁo,af  oa ) aj Si(PMID>1,29j.a1)) (B-15¢.d. &)
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R A St Pl n:' u:‘wx,»;\*m_‘mv.u Ko ,w\;\'
Ixpel Type U4
* 10,0 %0,0 *2ip,0" k0,0
11,010 *2j1,0%1,0
_ *l2,0%k2,0 ,_ “2j2,0%k2,0 (8-16a,b)
kT a .a a .a BokT 89;. & .
1,00k 0t 0"k ,0 2j1,0%k2,01T% 22,0k ,0
*1j0,0% k2,0t 12,0 k0,0 42jo,0™ka,0t%2)3,0%%0,0
[ * o, 0™ k1,07 * 11,0 k0,0 | | *2i0,0" k1,01 2j1,0™ k0,0 |
mwmmmm_tﬁm
8k -—II(PMID>I,| 2jk. 8 Uk) (B-16¢)
Effective Nonlinear Coefficient. PMDD =1
degt'=|ai(d jkax)| defr=233754626 817)
WALKOQFF Angle (p) Calculations (coiumn1: SLOW rays, column 2: FAST rays)
By row, starting at the top s the calculation for the A4, A2, & A3, respectively
) 2 2 ] i 2 2 217
by by b 1 by bay b 2
(no,o> +(n1.o) +( 2,0 nvo + nl.O P X
acos] 1. 70.0 1.0 .0 0.0 1.0 1.0
i 0,0 ] .1 ]
[ 2 2 2] 2 2 2]
biga| [Pl by ) 5201} (211} | [P22
P '=Rd 2.1 i 91 " “21) %, 1 i 9.1 i %1 (B-18)
acoy > J . a«0s L > L
P 0 11 P ]
[ 2 2 2] [ 2 2 2]
by by by b bs -9
(n 0,2) +( : 1.2) +( 2,2 :o.z = 1,2 1_\ 2.2
acod A10:2 1.2 2.2/ | pod 1L70.2 1.2 2.2
| P 0 1oL R 1]
Selec! correct walkoff angles according to phase match category
v:=180 (B-19a)
n
wo 1 :Zif(CATEGORY=2,(PMID20.pg 1.Pg, o) . (PMID20,pg,¢.P, 1)) (B-19b)
wo 3 1 Sif(CATEGORY=3, if (PMID20.p, 1.9y o) H(PMID20,p; 0.0y 1)) (B-19¢)
wo 3 :if(PMID20,p; 1.9 o) (8-19d)
PMID =1  ORIGIN =0 CATEGORY =4 CT="1
Crepte the Matrix for Writing 8 Line of Data to the Data File
dlu-=(kl )"2 Ks Bv ov d o wo wo9 WO3) (B-20a)
Wites D Daia File Specified
APPENDPRN(pmold ) datas {B-20b)
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DATED| N

Electric Displacement Unit Vectors, b1 = “slow" ray, b2 = “fast* ray

Polarization Components for the
0.76213977 —0.76213977 —0.76213977 000 Electric Flelds (cols = "slow" &
by=|0 0 0 by=[1 1 1 “fast” respectively)

0.64741252 0.64741252 0.64741252 0 0 0 0.31369897 0.31717898

Pb =| 030185472 0.30925747

) 029747807 0.30550741

. Polanzation Unit vectors, &1 = *slow" rays, a2 = *fast® rays

78640149 —0.78751432 —0.78841497 000
al ={0 0 0 =111
. 0.61771571 0.61629635 0.61514375 0 00

Polarization Unit vectors Miscellaneous Information

ai = ‘Generated Wavelength®, aj and ak are the “Applied* Wavelengths 6=0vdcg 0=40.3468%deg
0 Ay =3.1761005 = 1.6
) A 3= 1.064
,78841497 0 0
;=0 l,=(l ap=(1 ajk= g CATEGORY =4
0.61514375 \o 0 . 1- SHG/SFM, 2-OPAIDFM-32
3-OPA/DFM-31, 4-OPO
Column vector from “applied* Wavelengihs ==> 0
Phase Match Crystal Type
Indices of Refraction (A by columns) ) (+/- number
dj Tensor Type: indicates type)

1.7576751 1.7 1.8026541

0 0 0 0 19 0 905609 PMID =! CT="1
d=lo 0 o 36 0 0 a=|[ 17756109 1.7982079 1.8092106

ijk g

1.8278463 1.8655065 1.8809392

23 38 158 0 0 0 Angle of 0.54291921
OPTIC Axis Q =1 0.33452255
Polarization V. i
] ._loﬂ ector from z-axis 0.30252184
d_sjak :=d ik jk

Walkolf, column 1 = *slow" rays
o column 2 = “fast® rays, A by rows) Effective Nonlinear Coefficient
4 of =2.33754626

d_ajak={ O 2.19728498 0
38 p ={230062428 O |*deg Worksheet Walkoff values
238443356 0 (according to phase match
2;-d_siak =2.33754626 type selected)
wo | =2.19728498

M A2 A3 Walkoff Angle in degrees, by Type wo 5 =2.30062428

?1:5(Po,0 P1,0 P2,1)v  P=(219728498 230062428 O )

wo 3 =0
‘,n;-.:(po'1 £1.0 pz_l).v pp=(0 230062428 0)
Pm=(P0.0 Po.1 P2,1)v P =(219728498 0 0)
NOTES:
- 1. This worksheet treats uniaxal crystals as a simple case of a biaxial crystal, hence 3-axes vs 2 (i.e., 008 vs 08)

2. For negative crystals, the defintion of *slow* and *fast” rays are *reversed* from what they mean for posttive crystals
3. The elfective nonlinear coefficient, cqfp 1s same for SHG/SFM and OPO calegories (i e , categories 1 and 4). Likewise, the two
OPA/DFM cases (catagones 2 and 3) have the same cgp.
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APPENDIX C KTP Isomorph Phase Match Ranges
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List of Tables. Appendix C

Table C-1 Phase Match Range,
Table C-2 Phase Match Range.
Table C-3 Phase Match Range.
Table C-4 Phase Match Range,
Table C-5 Phase Match Range,

.....................................

.....................................

....................................

....................................

...................................
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Table C-1 Phase Match Range, KTP

Wavelength (pm)

4.043

3.176

A,

1.444

1.60

A

1.064

1.064

Phase

Phase Match Range

8.6 (Degrees)

ARG T L YK 6 N i A AR s

BEEP sl N
LG DR

49.41, 39.20

¢

90.00. 68.67

40.25, 29.57

49.11, 39.42

39.24, 29.06

44.33, 3547

0. 90

8.86

I ]37.62,27.03 |0,90 1058} 90
I }44.85,3596 }0,90 8.89] 90
I }77.36, 65.90, |0, 90 11.461 90
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Table C-2 Phasc Match Range, RTP

Wavelength (pm)

A A

1.064

1.064

3.176 | 1.60

A

0.532

1.064

1.064

Phase
Match

Type

Phase Match Range

0.¢ (Degrees)

)
55.83, 32.17

¢ AD Ad
23.66{90 ]

0.90

90, 64.62

47.12, 18.82

25.38

65.95, 43.91

47.61, 19.74

0. %90

27.88{90

52.79, 28.08

0. 90

24.71{90

m oy . '
Ml
45.85, 15.77 0,90 | 30.08|90

[
Il 53.16, 28.67 0,90 | 24.49{90
I 90, 66.68 | 43.35,90 | 23.32144.65
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Table C-3 Phase Match Range, KTA

— KTA — ;’;‘:ﬁ; Phase Match Range
Wavelength (um) Type 0.9 (Degrees)
A A A 0 ) AQ Ad ‘
I 51.47, 44.69 0,90 6.78190
1.064 | 1.064 | 0.532 —

1 | 40.76.33.79 0.90 | 6.97|90 '
U | 67.67. 54.67 0,9 | 7.00{% l

1.35 | 1.35 | 0.675

I 37.30. 32.98 0. 90 4.32190
4.043 | 1.444 | 1.064 II 45.72, 34.82 0.90 | 10.90]90
HI. ' '

I 35.95, 30.92 0. 90 5.02{90
3.176 | 1.60 | 1.064 I 46.01, 36.30 0.90 9.71{30
I 90, 71.37 | 16.40,90 | 18.63]73.6
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Table C-4 Phase Match Range. RTA

— RTA — S;:iﬁ Phase Match Range
Wavelength 0.9 (Degrecs)
avelength (um) Type ¢ (Deg
A, A A 9 ) A8 Ad
I 57.66, 47.48 0.90 10.18]90 1
1.064 | 1.064 { 0.532 -
I
I 45.08. 35.06 0. 90 10.02{90
1.35 1.35 | 0.675
Il 70.40, 59.73 0. 90 10.67190
|
[ 41.94, 27.80 0. 90 14.14190
4.043 | 1444 | 1.064 11 42.48, 39.65 0.90 2.82190
I
I 40.35, 26.65 0, 90 13.70190
I 3.176 | 1.60 | 1.064 11 44 .43, 40.17 0, 90 4.26]90
111 90, 81.52 } 58.63, 90 8.48131.37
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Table C-§ Phase Match Range, CTA

Wavelength (pm)

ir

A,

1.064

4.043

3.176

A,

1.064 | 0.532

1.444

1.60

;[hasc Phase Match Range
atch 0.9 (Degrees)
Type )
A 0 o A9 Ad
I 75.50, 52.22 0,90 | 23.29{90 ’
56.37, 34.26
Il 90, 72.04 | 53.40,90 | 17.96]36.60 I
I 53.80, 29.52 0,90 | 24.29|90
1.064| 11 61.59, 40.06 0,90 | 21.45(|90

51.89, 26.41
1064 11 | 62.60.41.18 0,90 | 21.18|90 "
1. N “
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APPENDIX D KTP Isomorph Nonlinear Characteristics
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Table D-3 Nonlinear Characteristics, KTA
Table D-4 Nonlinear Characteristics. RTA
Table D-5 Nonlinear Characteristics, CTA
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Table D-1 Nonlinear Characteristics. KTP

KTP
Wavelength (Um) Phase | k- Vector (degrees) Walk-Off (milli-radians)
Match ‘d-ntvl
; n
M A N | Type 0 0 Py P2 pp | P

I 183 | % w0 | 3604 730 | 0386
3176 | 160 1064 | 852 | o 0 8% | o 2421
i 77358 | o0 20.16 0 0 3496

W -

Starred (") walk-oft angle indicates the walk-off angle from which the other two are rei~renced
All measurements made where d,, was at maximum value

SHG Measuraments made for' 1 064/1 064/0 532 and ! 35/1 35/0 675

OPO Measurements made for 4 043/1 444/1 064 and 3 176/1 60/1 064
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Table D-2 Nonlinear Characteristics, RTP

—

RTP

Wavelength (um) Phase K - Vector (degrees) Walk-Off (milli-radians) 1|
ot

3.176 1.60 1.064 I 53.158 0 0 50.74 0 2.78

i 90.0 4535 0 1.33 11.60 2.723

Starred (*) walk-oft angle ind'cates the walk-oft angte from which the other two are referanced
All measurements made whe:a d,, was at maxmum value

SHG Measurements made for' 1 064/1 064/0 532 and 1 35/1 35/0 675
OPQ Measurements made for 4 043/1 444/1 064 and 3.176/1 60/1 064
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Table D-3 Nonlinear Characteristics. KTA

4.043

3.176

144

1.60

1.064

1.064

KTA
Wavelength (um) Phase | k- Vector (degrees) Waik-Off (milli-radians)
Match y {duel
{ mVv
M A M| Te |0 0 Py X oo | P
| 863 | 40 4058 | 40s8 | 523 | o02s3 l

N 5718 | 0 0 4568 | 0 2.2%9
i .
| 2490 | 53 0595 | 3354 515 | 0729 |
n 46007 | 0 0 10 | o 2237
i %0 |t640 |o 448 440 | 3460

L2 O -

Starred (*) walk-cft angle indicates the walk-off angle from which the other two are referenced
All measurements made where d,, was at maximum value

SHG Measurements made tor 1 064/1 064,0 532 and 1 35/1 35/0 675

OPQO Measurements made for 4 043/1 444/1 064 and 3 176/1 60/1 064
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Table D-4 Nonlinear Characteristics, RTA

RTA

Wavelength (pm)

Phase | k- Vector (degrees) Walk-Off (milli-radians)

3.176

1.60

1.064 Il 42.476 0 0 40.95 0

| 1049 | 40 2777 | 2859 651 | c.402
1066 | 44429 | 0 0 w09 | o 2418
i 9.0 58,63 6 0 321 2347

—— —— e ——

awa -

Starred (*) walk-oft angle indicates the waik-off angle from which the other two are refurenced
All measurements made where d,, was at maximum vaiue

SHG Measurements mage for- 1 364/1 064/0 532 and 1 35/1.35/0 €75

OPO Measurements made for 4 043/1 444/1 064 and 3 176/1 60/1 064
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Table D-S Nonlinear Characteristics, CTA

CTA

Wavelength (um) Phase k - Vector (degrees) Walk-Off (milli-radians)

| s | 53 1049 | 17.42 0340 | 02608
4043 | 1asa | 1osa |y 61508 | 0 0 082 |0 3115
)
" |
| u60 | 53 10978 | 1529 0152 | 02872
3176 | 160 1084 | 62505 | 0 0 2085 | 0 3.148

i 3 N "

|

oW -

Starred (*) walk-oft angle ndicates the walk-oft angle from which the other two are referenced
All measurements maca where d,, was at maximum value

SHG Measurements made for 1 C64/1 0640 532 and 1 35/1 35/0 675

OPO Measurements made for 4 043/1 444/1 064 and 3 176/1 60/1 064
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Figure E-7 d,, versus Phase Match Region, 3.17/1.60/1.064 um. Type 1. KTP
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Figure E-13 d,, versus Phase Match Region, 1.35/1.35/0.675 pm, Type II. RTP
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Figure E-18 d,; versus Phase Match Region, 3.17/1.60/1.064 pm. Type III. RTP
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Figure E-20 4, versus Phase Match Region, 1.35/1.350.675 pm, Type I, KTA
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Figure E-27 d,, versus Phase Match Region, 1.064/1.064/0.532 pm, Type I, RTA
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Figure E-34 d,, versus Phase Match Region, 3.17/1.60/1.064 ym. Type III, RTA
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Figure F-34 Walkoff, OPO. 3.17/ 1.60/1.064 pm. Type III, RTA

113




Figure F-35 W

10 20

[ 7]

30 40 60 60 10 80 80

¢ (Deq)
alkoff, SHG. 1.064/ 1.064/0.532 pm. Type 1. CTA

114



4.0 T Y T T T T T T

O A
PV
36} v AT
3.0} -
3 26f -
8
& 2.0 LO—O—O_O""O‘O—&W\_ .
A ]
® 16f M)
1.0 | -
0.6 | -
0‘0 | 1 g 1 1 ] } 1
10 20 30 40 50 6 70 80 90
¢ (Deg)
Figure F-36 Walkoff, SHG. 1.35/1.35/0.675 pm, Type L. CTA
4‘° 1 ‘ T H i 1 1 1
0 At
36 A2
v A3
30} -
= 25} -
[ )
8
w 20} -
g
x 16} i}
1.0}
05 -
0.0 i i 1 i 1 i 1
10 20 30 40 50 60 70 80 90
¢ (Deg)

Figure F-37 Walkoff. SHG. 1.35/1.35/0.675 pm, Type II. CTA

115




4.0

36+

30+

26

2.0

Walkoff (Deg)

10}

06

16 %b

9400
BEX

i

i

1 § 1 i I 1 1 I\

0.0

10 20 30 40 50 80 70 80 80

¢ (Deg)
Figure F-36 Walkoff. SHG, 1.35/1.35/0.675 pm, Type L. CTA
4.0 T T T T T T T T
O Al
35t @ N2
v A3
3.0} -
@ 26} .
©
8
u 20F -
g
B 1O6F -
10
05} i
0.0 1 1 d i 1 1 1
10 20 30 40 50 80 70 80 90
¢ (Deg)

Figure F-37 Walkoff, SHG. 1.35/1.35/0.675 um. Type II. CTA
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DEPARTMENT OF THE AIR FORCE

WRIGHT LABORATORY (AFMC)
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

21 March 1994

MEMORANDUM FOR DTIC/OCC

CAMERON STATION BLDG 5
ALEXANDRIA VA 22304-6145

FROM: WL/ELO Bldg 22B
2700 D St Ste 2
Wright-Patterson AFB OH 45433-7405

SUBJECT: Changes/Updates to WL-TR-93-5093, Three-Wave Nonlinear Interactions in KTiOPO, (KTP) and
KTO Isomorphs (AD Number A274079)

As with many publications, there are inevitable errors in the final product which need correction—and this report
is no exception. Following are changes and corrections:

The distinction between “ray” and “wave” is somewhat loosely treated in the report.
H g 1) ”

Properly considered, treat KD as a reference to a “wave” and S,E as a reference 10 a

:;ay.” Specifically, k' refers to the wave normal vector (direction of propagation) and

S refers to the ray vector (direction of energy flow).

Figure 3 incorrectly shows the angle ¢ as being referenced from the y-axis. Modify the
figure to indicate reference as being from the x-axis.

Figure 4 was obtained from reference [4]. Credit for this figure was inadvertently
removed from the Final Report.

Last paragraph. Replace the sentence

The value of d,, is dependent upon the direction of the X... we will use the electric
displacement vectors, D{c,,) to calculate &, &, and &,).

with
The value of d,,is dependent upon T. We do, however, know that DK and that ELS. We

also know that D and E are related in terms of the polarizability tensor. Therefore, we can
use the electric displacement vectors,ﬁ,(mm), to calculate &, &, and §, of eqn 16.

Change the indices of refraction subscripts in eqn 23 from “1, 2 and 2” to “x, y, and
Z”, respectively.

2nd Line. Change “...the same as {4, (e, )} {,..{0,)}." to “...the same as {4, ,(®,)} {4.,(®,)}."
Paragraph 3.b.ii, 2nd linc. Change “...which exactly..." to “...which are exactly..."”

Paragraph 3.b.vii.(1). Change “...exactly the value” to “...exactly the same value”
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Page 19

Page 30

Page 34

Page 35

Page 37

Appendix B,
pages 47 - 51

Appendix D,

pages 61 - 65

Attachments:
1. Table 12, Update

Table 2, last cell. The Sellmeier equation should read:
n?=A + B;/[1-(C/A)?] -DA

Table 11. Change d. for KTP, 0.675 pm-SHG, Type II from 2.603 to 2.989.

Paragraph 7.a.iv.(2). Change the sentence “For the arsenates, both CTA and KTA
experience about an 8% loss while the loss for RTA appears minimal at best.” to “None of the
arsenates experience significant transmission loss at 3.17 um.”

Change paragraph 7.b.ii.(3) to read:

(3) 3.17/1.60/1.064 um, Type Ii. While KTP has the largest d,,, its absorption loss makes
it a poor candidate. The arsenate KTA has the least walkoff, a slightly smaller d,, than KTP and
negligible transmission loss. The only other isomorph candidate, RTA, has only a slightly smaller
d,, and slightly farger walkoff than KTA. The preferred isomorph is KTA.

Changes to Table 12 are minor and involve small changes to a few d., values, all
Type I walkoff angles, and some changes in the reference angle used to calculate
the relative walk_o)ff for the other two wavelengths. An updated Table 12 has been
provided (note: k' added to updated table).

Replace with the attached MathCad worksheet. The original worksheet incorrectly
treats the isomorph RTA as a negative crystal (it is positive), and incorrectly
calculates relative walkoff. Additionally, a few other simplifications were made.
Descriptions of the changes are as follows:

Eqns B-3a and B-3b ensure that the crystal type is identified as +1. Eqns B-6a
and B-6b identify the correct angle 8 column of the data matrix. Eqn B-6¢
creates the appropriate phase match angle pair matrix for that phase match type.
Eqns B-15a, B-15b and B-15c correctly identify the a;, a, and a, unit vectors
and eqn B-16 creates the column vector, a,. Eqns B-19a through B-19c
calculate the walkoff angle for the selected phase match type. Eqns B-19d and
B-19¢ setup for eqn B-19g which calculates the relative walkoff angles. The
smallest walkoff angle identifies the column which has the correct relative
walkoff angles (e.g., if p, is smaller than the other two angles, then the third
column has the comect relative walkoff angle values).

Tables D-1 through D-5 are replaced by the attached page of tables.

e 0fo ..

DALE L. FENIMORE, Captain, USAF
Electro-Optics Projects Engineer
Electro-Optics Sources Branch

2. Appendix B, Update
3. Appendix D, Update
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CALCULATE BIAXIAL/UNIAXIAL CRYSTAL NONLINEAR COEFFICIENT (d,,)
and WALKOFF (p) FOR POSITIVE/NEGATIVE CRYSTALS

QBTAIN DATA FROM DATA FILES
Matrix :"READPRN (pm_dais 11,) d jjk ‘=READPRN(dijk 11,) o :READPRN(indicesd 1) (B-12,b,c)
IDENTIFY ORIGIN FOR WORKSHEET MATRICES
ORIGIN :=0 (B-2)
for the crystal
e Indices of Refraction

000 000 000 000 180 0.00
dix =} 000 000 000 360 000 000
230 380 1580 000 0.00 0.00

Select Positive or Negative Crystal Type with a POSITIVE or NEGATIVE Number.

NOTE: Unless properly selected, the calculated value for d ¢y 20d walkofT angles may niot be correct.
CT:=1 Cr:=if(C'l'-'O.1,if(|CT| >1,CT- Icr"| C'I‘)) CT =1 (B-33,b)

1.7576751 1.7905609 1.8026541
n=| 17756109 1.7982079 1.8092106
1.8278463 1.8655065 1.8809392

PHASE MATCH angles data file LEGEND [Mmix], My column): Ag,A, & A3; §; e(l). o (); 8 (i)

(B-4)
x:=[(Mmix‘°>)i (Mwix<1>>; (Mwixd>)i] (B-5%)
A1 =290 LYY A3:=ho2 @50 d)
2.1=3.176 Z.2=1.6000 2.3:1.0640
C:i=(4 5 6) c:=if(PMm=3,Co'2.if(PMD=2.CO'1,Co'o» Bba)
T: -mgmem(Mamx Munx<3>)
0 1 @59
A= ¢ >) -deg B; 1=(T< >>a-dcx
— — -7a, b
0:=A; 6:=B; (B-Ta,b)
0=44.4295%deg ¢ =0.0000%deg ®7e,d)
SELECT Phase Match Category for Desired Nonlincar Coeflicient (derr)
1 - SHG/SFM ("A3") 2 - DFM-32/0PA-32 ("A1™)
3 - DFM-31/0PA-31 ("A2"™) 4 - OPO ("A1™)
(B-8)

CATEGORY =4
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This region begins the calculation for the effective non-linear coefficient (degy)-

These calculations are NOT limited 1o the principle-axis.
This is the solution for the OPTIC AXIS, Q
F r r 2 2] 5]
120 ("1.0) - ("o.o)
2 2
| "1.0] (a2,0) "~ (r0,0)°]

Q' asin] 2221 -fim)z- (“o.1)2q

2
"11] (22,4) ‘("o.1)2_ ]
- L 24

fa2 ("1.2)2‘ ("0.2)2
12 (1,92~ (30,0%] |

+10

41018

+10

This angle, £, is measured from the z-axis to the optic axis.
NOTE: the 10-18 value is intended to preveat tan20 from
expericncing a singularity.

21107
Q=| 19.167 |°deg
17.333

(B8-9)

Thisis used to calculate the polarization angle, "8, This angle is formed by the direction of the slow ray electric displacement unit
vector, e1, from the surface of the plane formed by the wavefront vecter {A) and the z-axis

c0s(6)-sin(2:¢)

cos(6)-sin(24)

cot(Qo.o)z-sin(e)a—00‘(9)2'005(¢)2+sin(¢)2

cos(6)-sin(2¢)

ex(y 0500~ con(0)Zcon(9 - inle)?

0.0000
1an23 = | 0.0000

0.0000

8 yg5-=it{cos(6) -sin(2.4)=0,0, it(cos(6)-sin(24)>0,0,))

(aan (1an28, g) 48 og)-0.5
8:=| (suan (a2, o) 45 205
(sien 1aa28, ) +8 ad) 05

.”("2.0)2-@(9)2—ws(e)z-oos(¢)2+sin(¢)2_

5 ldj =0.0000

0.000
5={ 0,000 )°deg

0.000

cos(6)-sin(2-¢) =0.0000

The following are the solutions for the SLOW (b1) rays and the FAST (b2) rays. These solutions represent the UNIT VECTORS
of the electric displacement vectol = Columns represent Ay, A2, & A3, respectively.

,::.cos(e)-eos(‘b)-WS(so,O) +sa(8)-sin(o,0)
el ol
¢ I-‘«-eos(e)'w(‘i)'w‘(a& 0) +sia(9) nn(az' 0)

8= 06(8)-cos (6)-sin(B, o) — sin(6)-cos(8, o)
c 2:-00:(9)-00‘(4’)'5!1(51 .0) - sm(¢) ‘°°‘(81 ,0)
oo :=-cos(8)-cos (4) sin (85, o) — sn8)-cox(85, o)

3 c c

by b d

b :=-c0s(6)-sin(6)-cos (8, g) — cos(6)-sin (8, o)
d:=-cos(6)-sin(¢)-cos(8y o) —cos()-sin (3, )
£:=-cos(6) sin(6) <05 (85, o) — cos () -sn (35, o)

b o (6)-sn(0-sin(Bp, o)+ os(8)-cx(Bp, o)
dd 1= cos(6)-sin(¢) 'Siﬂ(81 .0) +cos(0) '“(81 -0)
5:=.m(9)-sin(¢)'$in(82,0) +°°$(¢)‘°°‘(82.0)

gin(6)-cos (8, ) sin(6)-cos(8 ) sin(6)-cos(35, o) sin(0)-sin(3p ) sin(6)-sin(8y,q) sin(6)-sin(8, )

48

(B-102)

(B-10b)

(B-10c)

(B-11ab)
(B-11c,d)

(B-1lc,f)

(B-11gh)
(B-11id

(B-11k,})

(B-11m,n)




¢

*
+ This section calculates the electric fleld's two polarization components, A1, A2, and A3 (1op to bottom), respectively.
Column 1 is for the SLOW rays (¢1); column 2 calculates the FAST rays (€).

10,0 b1p.1 big,2

b14.0 b14,1 b2

2
P"o,o’(”o,o)2 Py o (g, 1) P"2.0‘("0.2)2

1

Pi0d?, Cin?, C1zd] [C200?, 0n?, 02|
("o o) ("1 o) (“2 o) L (“o o) (“1 o) (“2 o)
o.s o.s
(" 1o, 1/ ("11 1) (" 1, 1) (" 20.1) (" 2, 1) ﬁ’Zz 1)
| ("o 1) ("1 1) ("2 1) i ("o,1) ("1 1) ("2 1)
(t102° ("112) ("122) 1 (b2d® ; "% 2‘_\("22.2) .
Leod* (' @a*] [0 @) % @22*]

(B-12)

0 ’ R i tids, The SLOW rays arc calculated by “al,” the
FASTuysby "12 'l'hctowsxepmsenllhc Y, and z-axis componeats, tcspedxvely the columnsxeprsem A1,A2 & A3 (lefttoright),
respectively.

-

20,0 20,1 2,2

Pbo, 1 (%0,0)° l"’1.1'(“«).1)2 Py 1 (20.2)°

b2;.0 b2y 1 b2.2

L . A2 b (o V2 Pbe fa. )2 2= 2 o 2 2
0,0(81,0" Po1,0(P1,0)" Pb2,0(n1,2) 0,1 (1,0 P1,1(81,1)" Po2,1(n1,2)
120 b1p 4 Y152 520 25 1 522
Pby (20 )2 Pby (8o 32 Poy or(fin o) Py 1 (a0 )2 Pby (5 )2 Pby (0 o)
| Poo,0(B2,0° P1,0(02,1) Pb2,0(R2,2) ] | Poo, 1 (22,0 Po1,1(22,1)" Pb2,1(n2,0)" |
Categordes: CATEGORY =4 Crystal Type (Positive or Negative Phase Match Type
1 = SHG/SFM, 2 = QPO-32/DFM-32 Number indicates Type) PMID =2
3=0PO-31/DFM-31, 4 = OPO cT=1
Identify which column o use for the specific phase maich category selected
C; ‘Sif( CATEGORY=1, 2, if( CATEGORY=2, 0, if( CATEGORY=3, 1,2))) c;=2 @)
C j ‘Sif( CATEGORY=1,0,if( CATEGORY=2,1,if CATEGORY=3,0,0))) cj=0 (@)
C  ‘Sif( CATEGORY=1, 1,if CATEGORY=2, 2, ifl CATEGORY=3,2,1))) Cy=1 o)
Setup the 3,2, and 3, vectors
Typel, 11, and I
<Ci> <C;>
.i:-.f(cr>o ar )
<C ;> <C j> s> <Ci>
aj2=if(cl‘>0 if(mn=2az 7 a )J(PMID'—'Z ac ) »
<C > <C > <Cy> <Cy>
= (cr>o xf(PM]D'-‘3|2 k k ),if(PMID=3,al k” 2k »
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(B-13a,b)

(B-148)
(B-14b)
(B-14c)

(B-152)

(B-15b)

(B-15¢)
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Setup the a2, column-vector

*jo,0"k0,0 ]

*j1,0%k1,0

*j2,0%k2,0
2j1,0%ke,01%i2,0%k1,0
*jo,0%k2,01%j2,0 k0,0

| *i0 0*k1,01*j1,0* k0,0

Effective Nonlinear Coefliclent.
dotr = |ai(d en )

WALKOQFF Angle (0) Calculations (columni: SLOW rays, column 2: FAST rays)
By row, starting at the top i= the calculation for the A1, A2, & Az, sespeclively

2 2 2 2 2 2
o n
acod 1200 1.0 22,0/ | o \70.0 1.0 72,0

Po,0

~ - - -

2 2 2
by by by
. ( 0.1) +( 1.1) +( 2,1
P cod 1 70,1 24,1 52,1
i Pio ] I Py 4

2 2 2
b) by by
( i 0’2) +( o 1’2) +( 2.2)
acod 1102 1,2 "2.2

[ L P20

elect correc walke X and o ve walkofl angles according to phase match caczon
P1 :=Rc(if(cr20. if(PMm=2,po'1,Po'o) ,if(PM]D=2,po'0,po'1))~v)
p 2 *=Re(if(CT26, it(PMID=3,p4 1.p4,o).if (PMID=3,p4,0.01,1))¥)

P 3:=Re(if(CT20,p, 1,95, o))

122
TZ=(§ 1 2) vi=i(pmm=a, 12 i(pmm=2, 141>, 1%))
21
i » oy
I ¢ (10) i Yy (H)
Py P1 —P2 Py —P3
OB @7 | =

et e

t -1
(b))

Pztz—P 3#) 018

beed)®

Create the Matrix for Writing aLine of Datato the Data File  dani=(A; A A3 8V év deir Py P2 P3)
APPENDPRN (dw_iofo r1,) ‘=datae

Writes Data 19 the Data File Specified
50

(8-16)

(817

(8-18)

(B-192)

(B-19b)
(B-19¢)
(B-194d)

(B-19¢, )

(B-199)

(B-20a)
(B-20b)




Table D-1. Nonlinear Characteristics, KTP

Table D-2. Nonlinear Characteristics, RTP

-
MAA, | Tie] K (o) plode, | da M * 04) PdPPs du
1.064/1.064/0.532 } i 45.64, 36.93 | 47.63/47.63/'8.49 | 0.423 1.064/1.064/0.532 | 52.08, 23.32 |48.48/48.48/*13.62 | 0.128
I 90.00, 25.99 | 3.47/0.0/4.87 3.268 90.00, 41.70 | 11.550.0/1309 |2.827
1.35/1.35/0675 i 37.24, 31.27 | 44.53/44/53/'8.16 | 0.366 1.35/1.350.675 |26.89, 53.47 }27.15/27.15/17.37 | 0.324
il 58.70, 0.00 | *0.0/44.68/0.0 2.989 65.95,0.00 |0.0/40.83/°0.0 3.225
4.043/1.44411.064 |1 36.31, 31.61 | 38.07/43.92/'7.12 10.438 4.043/1.444/1.064 §27.81, 52.38 | 21.35/28.33/*16.87 | 0.355
i 44.33,0.00 | *0.0/48.86/0.0 2.387 52.79,0.00 |*0.0/51.38/0.0 2781
3.176/1.601.064 || 34.81, 30.10 | 39.62/42.70/'7.32 | 0.398 3.176/1.60/11.064 §25.94, 49.60 |20.48/24.62/*17.99 | 0.416
i 44.85,0.00 | *0.0/48.55/0.0 2412 53.16,0.00 |*0.0/50.74/0.0 2768
] 77.36,0.00 |20.13/'0.0/0.0 3.49% 90.00, 45.35 |*0.0/11.33/11.60 2720
Table D-3. Nonlinear Charactetistics, KTA Table D-4. Nonlinear Characteristics, RTA
1.064/1.0640.532 | | 48.64, 39.89 | 45.52/45.52'5.26 | 0.231 1.064/1.064/0.532 | 53.11, 41,37 ]38.92/38.99/°6.98 }0.469
1.35/1.35/0675 || 38.62, 34.09 | 43.13/43.13/'5.31 }0.164 1.35/11.35/0.675 |41.57,36.72 | 38.72/38.72'6.60 }0.496
il 61.67,0.00 | *0.0/39.43/0.0 2.781 70.40.0.00 | *0.0/27.10/0.0 3357
4.043/1.44411.064 |1 33.31, 64.32 | 31.41/39.05/'3.96 | 0.406 4.043/1.444/1.064 | 40.48, 13.55 | 26.22/40.05/'2.89 }1.465
[} 45.72,0.00 }0.0/45.68/0.0 2.207 42.48,0.0¢ }0.0/40.95/°0.0 2320
3.176/1.6011.064 |1 32.41,53.98 | 34.73/38.27/'5.08 | 0.174 3.176/1.60/1.064 | 37.36, 25.56 |31.09/37.54/*6.15 |0.952
f 46.01,0.00 | *0.0/45.10/0.0 2.220 44.43,0.00 }0.0/40.92/°0.0 2413
{n 90.00, 16.40 { *0.0/1.19/1.66 3154 90.00, 58.63 | *0.0/3.78/3.22 2355
Table D-5. Noniinear Characteristics, CTA Notes:
1.0641.0640532 || |64.20, 41.82 [ 244524561965 (0217 | . Wavelangths (A,;\,A,) given in pm
1.35/1.3500.675 ! 51.56, 27.57 | 31.63/31.63/'2.06 |0.226 s k-Vector given in degrees
i 90.00, 53.40 | 7.80/*0.0/7.60 2.492 « Walkoff {p) given in milliradians. Starred angle is the
4043144471064 || | 34.16, 61.88 | 21.27/24 477888 [0.135 reference angle from which the other two angles ars
Il |6151,000 |0.03083%00 [3.110 measured
- + d,, given In terms of pm/V
3.176/1.6011.064 |1 31.97, 59.41 § 20.98/22.79/*9.66 [0.177
{ 62.60, 0.00 | *0.0/29.85/0.0 3.145

These tables replace those found on pages 61 - 65 of the final report.
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DEPARTMENT OF THE AIR FORCE

WRIGHT LABORATORY (AFMC)
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

ER R ﬂ 7”4 21 March 1994

J AR

MEMORANDUM FOR WL/DOA BLD 22

WL/ p7rd

FROM: WL/ELO Bldg 22B
2701 D St Ste 2
Wright-Patterson AFB OH 45433-7405
50279,
SUBJECT: Changes/Updates to WL-TR-93:-5693, Three-Wave Nonlinear Interactions in KTiOPO, (KTP)
and KTO Isomorphs

As with many publications, there are inevitable errors in the final product which need correction—and this
report is no exception. Following are changes and corrections:

Note The distinction between “ray” and “wave” is somewhat loosely treated in the report.
Properly considered, treat k B as a reference to a “wave” and ?,E’ as a reference
to a “ray.” Specifically, K refers to the wave normal vector (direction of
propagation) and S’ refers to the ray vector (direction of energy flow).

Page 4 Figure 3 incorrectly shows the angle ¢ as being referenced from the y-axis. Modify
the figure to indicate reference as being from the x-axis.

Page 6 Figure 4 was obtained from reference [4]. Credit for this figure was inadvertently
removed from the Final Report.

Page 10 Last paragraph. Replace the sentence

The value of d,, is dependent upon the direction of the K... we will use the electric
disptacement vectors, D'(e,) to calculate &, &, and &,).

with
The value of d,,is dependent upon 5. We do, however, know that DK and that LS. We

also know that B and E are related in terms of the polarizability tensor. Therefore, we can
use the electric displacement vectors,T)‘&m,,,), to calculate &, &, and & of eqn 16.

Caapta ADAZT7Y DT

Page 12 Change the indices of refraction subscripts in eqn 23 from “1, 2 and 2" to “x, y, and
2”, respectively.
Page 14 2nd Line. Change “...the same as {4, ,{w,)} {4,.,(®,)}.” to “...the same as {4, ,(®,)} {4, (®,)}."

Paragraph 3.b.ii, 2nd line. Change “...which exactly...” to “...which are exactly...”

Page 15 Paragraph 3.b.vii.(1). Change “...exactly the value” to “...exactly the same value”




£ %

Page 19

Page 30

Page 34

Page 35

Page 37

Appendix B,
pages 47 - 51

Appendix D,
pages 61 - 65

Attachments:

1. Table 12, Update

Table 2, last cell. The Sellmeier equation should read:
nl = A+ (B;/[1 - (C/A)?*] - DA

Table 11. Change d for KTP, 0.€75 pm-SHG, Type II from 2.603 to 2.989.

Paragraph 7.a.iv.(2). Change the sentence “For the arsenates, both CTA and KTA
experience about an 8% loss while the loss for RTA appears minimal at best.” to “None of the
arsenates experience significant transmission loss at 3.17 um.”

Change paragraph 7.b.ii.(3) to read:

(3) 3.17/1.60/1.064 um, Type IIl. While KTP has the largest d,,, its absorption loss makes
it a poor candidate. The arsenate KTA has the least walkoff, a slightly smaller d,, than KTP and
negligible transmission loss. The only other isomorph candidate, RTA, has only a slightly smaller
d,yand slightly larger walkoff than KTA. The preferred isomorph is KTA.

Changes to Table 12 are minor and involve small changes to a few d,,, values, all
Type I walkoff angles, and some changes in the reference angle used to calculate
the relative walk_o)ff for the other two wavelengths. An updated Table 12 has been
provided (note: k' added to updated table).

Replace with the attached MathCad worksheet. The original worksheet incorrectly
treats the isomorph RTA as a pegative crystal (it is positive), and incorrectly
calculates rejative walkoff. Additionally, a few other simplifications were made.
Descriptions of the changes are as follows:

Eqns B-3a and B-3b ensure that the crystal type is identified as +1. Eqns B-6a
and B-6b identify the correct angle 6 column of the data matrix. Eqn B-6¢
creates the appropriate phase match angle pair matrix for that phase match type.
Eqns B-15a, B-15b and B-15¢ comrectly identify the a, a;, and a, unit vectors
and egn B-16 creates the column vector, a;. Eqns B-19a through B-19¢
calculate the walkoff angle for the selected phase match type. Eqns B-19d and
B-19e setup for eqn B-19g which calculates the relative walkoff angles. The
smallest walkoff angle identifies the column which has the correct relative
walkoff angles (e.g., if p, is smaller than the other two angles, then the third
column has the correct relative walkoff angle values).

Tables D-1 through D-5 are :placed by the attached page of tables.

;)ggzé,lzz P
DALE L. FENIMORE, Captain, USAF
Electro-Optics Projects Engineer
Electro-Optics Sources Branch

2, Appendix B, Update
3. Appendix D, Update




Table D-1. Nonlinear Characteristics, KTP

Table D-2. Nonlinear Charactaristics, RTP

-
MR, | Typel K (02) pipdps O MAJA X (0.0) PP O
1.064/1.0640.532 || | 45.64, 36.93 | 47.63/476378.40 |0.423| |1.064/1.06410.532 | 52.08, 23.32 | 48.48/48.48/13.62 | 0.128
Il {90.00,2599 | 34700487 |3.268 90.00, 41.70 |11.55r0.011309 |2:827
1351350675 || |37.24, 3127 | 44.5344/5378.16 | 0.366| | 1.35/1.35/0.675 |26.89, 53.47 | 27.15/27.1517.37 | 0.324
I |5870,000 |*00446800 |2.989 655,000 |0.0/4083°00  |3.225
4043144411064 |1 | 36.31,31.61|38.07/4392°7.12 | 0.438| |4.043/1.44411.064 | 27.81, 52.38 | 21.35/28.33/*16.87 | 0.355
I |4433,000 |*00m88600 |2.387 5279,000 |*0.0/51.3800  |2.751
317611601064 |1 | 34.81,30.10|39.624270/7.32 |0.398| |[3.176/1.60/1.064 | 25.94, 49.60 |20.98/24.62/17.99 | 0.416
Il {4485 000 |*00m85500 2412 536,000 |*0.0/507400 |2.768
m |77.36,000 |20.1370000 |3.49 90.00, 45.35 {°0.0/11.33/11.60 |2720
Table D-3. Nonlinear Charactaristics, KTA Table D-4. Nonlinear Charactaristics, RTA
1.064/1.0640532 ||  |48.64, 39.89 | 45.52/4552"5.26 |0231| [1.064/1.06410.532 | 53.11, 41.37 | 38.92/38.9976.98 | 0.469
13513500675 |1 |38.62,3400]43.1343.13°5.31 |0.164] |1.35/1.3500.675 |41.57,36.72 | 38.72/38.72/6.60 |04%
I |6167,000 |*00/204300 |2781 70.40.000 |*0.007.1000 3357
4043144411064 |1 | 33.31, 64.32 | 31.41/30.05/3.06 | 0.406| |4.043/1.444/1.064 | 40.48, 13.55 |26.22/40.05/'2.89 | 1.465
I |4572,000 |0.0M568r00 |2.207 4248,000 |0.0M095700  [2320
3.176/1601.064 |1 | 32.41,5398|34.73/3827/'5.08 | 0.174| |3.176/1.6011.064 |37.36, 25.56 |31.00/37.54'5.15 | 0.952
H |4601,000 |'0oMs1000 |2220 4443,000 |0.04092700 2413
I |90.00, 1640 ‘0011191166 |3.154 90.00,5863 |*0.0/378322  [2355
Table D-5. Nonlinear Characteristics, CTA Notas:
106410640532 [1 6420, 4182244524 567965 0217 | " wavelengths (b2, given in um
1351350675 |1 ]51.56, 27.57 | 31 63/31.630.06 |0.226 | - k-Vector given In degrees
il |90.00,5340]7.80°00760 [2492 | + Walkoff (p) given in milliracUans. Starred angle is the
4043144401064 || | 34.16, 61.88 | 21.27/24.47/°8.88 0.135 referance angle from which the other two angles are
It |e151,000 |0.03083700 {3110 m“’l:mn —
3176/16011.064 |1 |31.97, 50.41 | 20.98/22.79/9.66 0.177 wd P
Il [6260,000 |*0.0208500 [3.145

These tables replace those found on pages 61 - 65 of the final report.




CALCULATE BIAXIAL/UNIAXIAL CRYSTAL NONLINEAR COEFFICIENT (d,g)
and WALKGFF (p) FOR POSITIVE/NEGATIVE CRYSTALS

OBTAIN DATA FROM DATA FILES
Marrix “READPRN (pm_data 1) d jjk ‘=READPRN(dijk 1) n !=READPRN(indiccsd 1) (B-1a,b,¢)
IDENTIFY ORIGIN FOR WORKSHEET MATRICES
ORIGIN :=0 (B2
: for the crystal
dk Indices of Refraction

000 000 0050 000 190 0.00
dix={000 000 0CC 360 000 000
230 380 1580 0.00 000 0.0

Select Positive or Negative Crystal Type with a POSITIVE or NEGATIVE Number.

NOTE: Unless properly sclected, the calculated value fordw and walko(f angles may uct be correct.

1.757675t 1.7905609 1.8026541
n=| 1.7756109 1.7982079 1.8092106
1.8278463 1.8655065 1.8809392

CT:=t cr::a:(c::o. i it(lCT|>1.CI‘- |cr“| cr» CT=t (B-3a, b)

PHASE MATCH angles data flle LEGEND (M.utx]. (by column): Ag,A2, & A3; 6; em. o (n); 6 ()

i:=0 PMID :=2 o4
A () (vaic?); (varis®); ] @59
A1:%h0,0 Aa=ho,q 23,2 (B-b,c, )

A,=3176 A 5 =1.6000 A3=1.0640

CI=(4 56)  ISH(PMIDT3,Co 5.if(PMDZ2,Cy 1.Cp o)) @6t
--lgmnn(Mnnx Mnnx<3>) 869

A;=(1%) pdeg By :=(1%) ey

n:=A, ¢:=Bi (B-Ta,b)

0=44.4295%cg ¢=0.0000"deg ®-7c.9)

SELECT Phiasc Match Category for Desired Nonlinear Cosllicient (derr)

1 - SHG/SFM ("A3") 2 - DFM-32/0PA-32 ("A1"™)
3 - DFM-31/0PA-31 ("A2™) 4 - OPO ("A1"™)
CATEGORY :=4
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oA

This region begins the calculation for the effective non-linear coefficient (degy).
These calculations are NOT limited to the principle-axis.

This is the solution for the OPTIC AXIS, Q
This angle, , is measured from the z-axis to the optic axis.
5] 1 NOTE: the 10 -18 value is intended to preveat tan28 from

5.0 [ ("1.0)2" ("o.o)ﬂ . _18 expericncing a singularity.

1.0 (22,0 >~ (0,0)°|
52,1 | (1,0~ (20,0)% |
:"1-’ | (2,1~ (0.’
- 2 2‘.
. A _ 31.107
asinl 2.2 (1.2~ (0.2 +10718 Q=(19.167 )'dcg

12 (2,9 (10,7 |

17.333

(B-9)

Thisis used to calculate the polarization angle, "8", This angle is formed by the direction of the slow ray alectric displacement unit

vector, e4, from the surface of the plane formed by the wavefront vector (k) and the z-axis

oos(e)-ﬁnk-tb)
cot(Qp, ) sa(8) - cou (8 2 cos(9) - sal®)®
i cox(©)nl2) 0.0000
P ey )20 o (0 o) 4 e (3?&2)
cos(6)-sin(2.0)
| cot(25, )28 cox(6) . con(0) +-sn()®
8 og; it (c0s(6)-sin(2-¢)=0,0,ir(cos (6)-sin(2.4)>0,0,7)) 8 45 =0:0000 o0s(6)-sin(24) =0.0000
(s (028 ) +8 )05 0.000
5:= (am(mzti1 0+ a))05 5= ( 0.000 )’dex
0.000

(an tas2; ) +8 )05

‘The following are the solutions for the SLOW (b1) rays and the FAST (b2) rays. These solutions represent the UNIT VECTORS
of the electric dispiacement vectors. Columns represeat A1, A2, & A3, respectively.

2:=cos(6)-cos(9) -cos(ﬁo.o) +sin(¢) -sin(ﬁo' 0) b:=cos(6) nn(@)m(ao.o) —cos(0) -sin(ﬁo'o)
¢1=-cos(6) -cos(6)-c0s (81 ) +-sin(¢)-sin (1, o) d::=-c0s(6) sin(8)-cos (83 g) — cos(4)-sia (51 o)
e:=-coe(6)-cos(4)-co8 (8, g) + sa(4)-sn(35, £:=c08(8)-sia(¢)-cos(85, o) — cos(¢)-sin (85, o)

aa 3= cos(6)-coe () sin (8, o) — in(9)-coe(8p,0) b 1= cos(6)-sin(e)-sin 8, g) +cos(8)-co (8, o)
e I"—-cos(e)-cos(dl)-sin(51 ,O) —sin(9) '005(81 ‘0) dd 2=-oos(0)-sin(¢)osin(81 ,0) +cos(¢)-cos(81 .0)
oo 1=-cos(6)-coe()-sn(8p o) ~ sin(@)-cos(Bp,0)  F:=-cos(8)-sin(e)-sin(3, g) +-cou(e)-cox(85, )

d f dd ff

oyim ; c c ) - ( : cc cc
:in(e)-eos(ﬁo'o) sin(e)-cos(81’o) sin(e)-oos(sz.o) sin(B)-sin(ﬁo.o) sin(e)-n'n(51.o) sin(e)-:in(sz.o)
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(B-102)

(B-10b)

(B-13¢)

(B-11a,b)
@-11c,d)
(B-11e,0)

(B-11g,h)
(B-11i)

(8-11k,))

(B-11m,n)




This section alculates the electric ficd's two polarizatlon components, A1.A2, aad A3 (top to bottom), respectively.
Column 1 is for the SLOW rays (°1); column 2 calculates the FAST rays (€2).

--("10.02, (b1,, o) ("12 o) °* ("20 o) ("21 o) ("22 o) 2"

| ("o,o) (“1 o) (“2 o) ("o o) (“1 o) (“2 o)

- 2 05 2 0.5 (8-12)
P s ("10.1) b1y ("12 1) (°2o.1) (b2 4) ,("22.1)

| ("0,1)4 l (“1 1) (“2 1) (“o 1)4 l (o4, 1)4 I (“2,1)4_
~05

(1027 01107 01227 |2, bz“(bzaa)""

0.5

| 0o €10° (2] @2 @ > 22

ds, The SLOW rays arc calculated by “al,” the

F uysby 2" Thcmws reg'csenuhe 2,3, and zmcompmmu nspecuvely the columns A1,A2 & A3 (efttoright),
respectively.
10,0 b19,1 big, | [ by, b29.1 20,2
2 2 2 2 2 2
Py, o'(50,0) Po1,0(f0,1)" Pb2,0(%,2) Py 1(n0,0) Pbq,1(%0,1)" PP2,1'(%0,2)
b14.0 b14,1 b1y b2.0 24,1 24,2
al =] > 2 > 2= > 2 P (B-133, b)
Poy o(pg,0)” Poy,0(n4,1)" Po2,0(%1,2) Poy 1+(84,0) Py 1(e1,1)" Po2,1 (P12
%120 b1g 4 b1z o b2:0 b2; 1 2.2
!,b 2 2 o 2 2 2 2
| Poo,0'(32,0) Pby,0(02,9) Pb2,0(e2,2) | | P, 1 (B2,0) Pb1,1(n2,) P21 (P2,2)" |
Cateeodes: CATEGORY =4 Crystal Type (Positive or Negative Phase Match Type
1 = SHG/SFM, 2 = OPO-32/DFI-32 Number indicates Type) PMID =2

3=0P0-31/DFM-31,4 =0OPO CT=1

Identify which columa to use for the specific phase match category selected

C ; ‘=if( CATEGORY=1, 2,if( CATEGORY=2,0, f(CATEGORY=3, 1,2))) c;=2 () (B-14a)
C j ‘=if( CATEGORY=1, 0, f( CATEGORY=2,1,if{( CATEGORY=3,0,0))) Cj= (8 (B-14b)
C i ‘Sil( CATEGORY=1, 1,if( CATEGORY=2,2, if(CATEGORY=3,2,1))) Cy=1 ) (B-14c)
Setup the 2,3, and a, vectors
Type L I, snd T
C; C; X
ai:=if(C1‘20,-2< gty ‘>) (B-152)
<C;:> <C; > C > .
.j:=sf(cr20.if(ymm=2,.z I a ’>).if(mm=2,.1 ol )) ®-155)
<C> <Ci> C <C -
ug-=if(cr20.if(PMD=‘!.n2 k> K ),ﬂ(pmn::;,,f k>'.2 “>)) (B-15¢)

49




Setup the 2,3, column-vector
%jo,0%%0,0
2j1,0%%1,0
o %j2,0"k2,0
AT, L
*j1,0% k2,01 22,0 k1,0
%jo,0* k2,0t *i2,0 k0,0
| *i0 0*k1,01%j1,0" k0,0 |

Ellstive Nonlinear Coellcent.
dett =i (@ ija o

WALKOFF Angle (p) Calculations (cofumn1: SLOW rays, column 2: FAST rays)
By row, starting at the top is the calculation for the A1, A2, & A3, respectively

2 2 2
b2g b b

( .0) +( 21.0) +( 22.0)
20,0 24,0 220

- .-

2 2 2]
by b by

( o.o) +(;1.0) +( 2.0)
acos] 1.70.0 1,0 42,0

Py o

2 2 2
by by by

- £0.1) _,_( 1.1) +( 2.1)

P ad 1 70,1 24,1 2,1

Pby o I Pby 4

2 2 2
by by b
g,2 842 n2 2

p 1=Re((CT20,4(PMID=2,p5,1.00,0) . #{(PMID=2.90,0.P0, 1)) ¥)
p 2 :=Re(if(CT20,if(PMID=3,p 1,04, o) ,it(PMID=3,p, 0.p1,1))-Y)

P3 :=Rc(if(cr20. £2,1:02,0) )

1.2 2
r::(i 1 2) v:=ie(pvm=3, 12 ie{emm=2, 1>, 19%))

21

oo (oo (bies)
Ao Ol ('2)-1..1.
o) (e f5

@

L (‘1)-1
_(|931-P11|) (|93‘2—92'2|) f3 ]

@ @]

S0

Create the Matrix for Writinoa Line of Dataio the Date File  duia:=(A; A, A3 8V ¢V der Py P2 P3)
Writes Dato to the Data File Specified APPENDPRN (dw_jofo r) ‘=datae

(B-16)

(B17)

(B-18)

(B-192)

(B-19b)
(B-19c¢)
(B-194)

(B-19, )

(B-19p)

(B-20)
(B-20b)




Electric Displacement Unit Vectors, bl = slow ray, b2 = fast ray

7141 —0.7141 —0.71¢ 1}

0.0000 0.0000
bq={ 00000 0.0000 0.000U b 1.0000  1.0000
2 = o o
0.7000 07000 0.7000
o0 0.0000 0.0000
Polarization Unit vectors, al = "slow” rays, a2 = “fast” rays
7409 —0.7421 —0.7432 / 0.0000 0.0000
al =| 0.0000 0.0000 0.0000 a2 = 1.0000 1.0000
06716 06702 0.6691 \0.0000 0.0000
Polarization Unit vectors
aj = "Generated Wavelength”, aj and ay = "Applicd” Wavelengths
0.0000
0.0000
{ 0.0000 0.0000 0.7421 o
a;="' 0000 aj= 1.0000 ap =| u.0000 a= 0.6702
3 GNO00 0.0000 / 0.6702 ’
0.0000
ajuc Colur : 1 vector ==> —0.7421
& Terr. Indices of Refraction (A by columns)

00 000 ¢ % ©00 180 000
djg=|0 00 000 OLU 360 000 000
230 380 1580 0.00 000 0.00

17577 1.7%06 1.8027
17756 17982 1.8092
1£778 1.8655 1.8809

‘WalkofT, column 1 = slow rays

P°l‘."z‘."_°“ Vetiw column 2 = fast rays, A by rows)
d_ajak =4 jj-a i in degrees and milliradians, resp.

0.0000 22385 1.2074°10 °i
d_sjak =| 24128 P=123443 12074°10 S |'&8

0.0000 24302 0.0000

.n . ,,. 3, ——

Nonlines. * Coefficient (pmv) 300683 2.1073°10 5
dgr=24128

P10"=| 409163 2.1073°10 i
424158 0.0000

Relative Walkoff angle in milliradians
Use associated walkoff column below for the smallest walkoff angle
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Crystal: RTA

0.0000
1.0000
0.0000

0.0000
1.0000
0.0000

Polarization Compouents for the
Electric Flelds (col = slow & fast

respectively)

03120 03172
0.3001 0.3093
02957 0.3055

Miscellaneous Information

¢ =0.0000%deg
A, =1.6000

Pb=

0=44.4295%cg
A =31761

l3=1.0640

CATEGORY =4

1- SHG/SFM, 2-OPA/DFM-32
3-OPA/DFM-31, 4-0PO

Crystal Type
(+/- number
indicates type)

Phase Match
Type:

PMID =2 Cr=1

Angle of 31.1070

OPTICAxis Q= 19.1667 |*deg
from z-axis

17.3332
Polariaat 0.0000
olarization
angle §=| 0.0000 ]*deg
0.0000

(P1: P2 O P3) as indicated to the: right. Worksheet Walkoft values (by selected phase
Pl p2 p3 masich type) in dcglees
0 409163 0 py=0
p=| 409163 409163 409163 ~
0 409163 0 py=2344
p3=0
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